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1. Preface
”We listen to music with our muscles.”
Friedrich Nietzsche (Sacks, 2006).
The tendency of human beings to move in synchrony with an auditory rhythmical
pulse is considered a cross-cultural universal (Nettl, 2000). Music and movement
is intricately connected, and in some cultures, the term for music that refers merely
to its acoustic component and excludes dance is even lacking. The link between
auditory and motor systems seems exceptional when it comes to timing. While hu-
mans tend to tune in to an auditory beat by head nodding, toe tapping and humming,
they do not feel the urge to spontaneously move to periodic visual pulses such as a
bouncing ball (Zatorre et al., 2007). Remarkably, integration of auditory input and
motor output is at the heart of what has been regarded as the most elementary func-
tion of the nervous system - the brain as a sensorimotor machine (Jeannerod, 1985;
York & Steinberg, 1994). The simplest example of sensorimotor integration is that
of a reflex that enables a living entity to move away from a source of sensory per-
turbation to preserve its own existence (Maturana & Varela, 1992). However, while
this example of a discrete signal-response mapping has been uncovered in the sim-
plest neuronal circuits, the coupling of movements to and predicting the timing of
structured sequences of external events, mechanisms regarded as an integral part of
music or speech, require a significantly more complex neurofunctional implemen-
tation. Although progress has been made with regard to the neural underpinnings
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of speech and music during the last century and in particular the last two decades
in the advent of non-invasive neuroimaging techniques, it remains unknown, which
neural mechanisms give rise to the urge and ability to accurately couple ones own
movements to an auditory rhythm.
The present work experimentally addresses the contribution of a motor-related
brain region with prominent connections to auditory areas, the ventral premotor
cortex (PMv), to auditory-motor integration of musical rhythm. A combination
of techniques - neuroimaging and non-invasive neuronal interference - is used to
explore the causal role of the PMv in this auditory-motor timing mechanism.
The main aim of this thesis is threefold: Firstly, and most importantly, to probe
the critical contribution of a motor-related region to both perceptual preference of
and motor coupling to a musical rhythm; secondly, to identify additional neural
mechanisms and networks that support auditory-motor timing; thirdly, to provide a
model for auditory-motor integration of rhythm that incorporates the present exper-
imental findings into a neuroanatomically sound framework of sensorimotor cogni-
tion and control.
The present thesis is structured into three major parts. The first provides a theoret-
ical background of auditory-motor integration of rhythm initially from a behavioral
perspective, which furthers the notion of an intricate connection between auditory
rhythm and movement in humans. It continues with a neurobiological perspective
on auditory-motor integration. The aim of the latter is to provide an overview of
neuroanatomical and functional evidence leading to the assumption that a motor-
related region in the dorsal auditory stream (Rauschecker & Scott, 2009; Hickok
& Poeppel, 2007) - the ventral premotor cortex (PMv) - may contribute to the urge
and ability to accurately couple ones own movements to auditory rhythms. The sec-
ond part is the core of the present work. After a brief introduction of the methods
3employed in the empirical work, three experiments which test assumptions concern-
ing the role of the PMv in auditory-motor integration are presented. Experiment 1
(Kornysheva et al., 2010) uses functional magnetic resonance imaging (fMRI) to ex-
plore whether individual perceptual preference for musical rhythms is accompanied
by activity in motor-related sites (i.a. the PMv) and to specifically identify those
rhythmical properties that are associated with this activity increase. Moreover, it
is tested whether such a boost in activity corresponds to that during an auditory
rhythm task. This would imply that the activity increase in motor-related areas
during preferred rhythm may be explained by enhanced sensorimotor simulation -
a mechanism previously suggested for perceptual rhythm tasks. Using repetitive
magnetic stimulation (rTMS), Experiment 2 (Kornysheva et al., in press) further ex-
plores the above assumptions. However, in contrast to fMRI, transient interference
with the PMv allows to probe the causal contribution of this area to rhythmic prefer-
ence and perceptual rhythm tasks. Finally, Experiment 3 (Kornysheva & Schubotz,
submitted) uses rTMS to determine the causal role of the PMv to auditory-motor
synchronization. Unlike the preceding experiments, it combines rTMS and fMRI to
explore potential compensatory mechanisms of short-term functional reorganization
after PMv disruption. Thus, besides neuroimaging which enables to identify brain
activity that accompanies certain tasks and behaviors, interference with the ongoing
activity in the PMv, as well as a combination of interference and neuroimaging is
utilized in the present work. This allows to address the causal significance of the re-
gion of interest and to identify how the interference-related reorganization of brain
function helps to preserve auditory-motor timing.
The final part summarizes and discusses the obtained findings in terms of the
theoretical framework provided in the first part of the present work. The thesis out-
lines the limitations of the experimental findings and concludes with an outlook on
possible future research directions related to auditory-motor integration of rhythm.

Part I.
Theoretical background:
Auditory-motor integration of
rhythm

2. Behavioral basis
”das Notwendigste und Ha¨rteste und die Hauptsache in der Musik (...) das Tempo”
Mozart, 1977 (Spohr, 1951).
2.1. Musical rhythm
There is no universally accepted definition of rhythm (Patel, 2008). It occurs in
many contexts besides music, such as speech, brain oscillations, circadian rhythms.
Involving temporal regularity of events, rhythm can be regarded as a subtype of
temporal processing. The latter can occur on different time scales: microseconds
(e.g. sound localization), milliseconds (motor coordination, speech, music), sec-
onds to minutes (decision making, conscious time estimation) and hours (circadian
rhythms) (Mauk & Buonomano, 2004). These time scales have been shown to be
sub-served by differential neural mechanisms (Buhusi & Meck, 2005; Lewis & Mi-
all, 2003), however, their neural implementation is still debated.
Musical rhythm can be distinguished from the above by two main temporal fea-
tures: Firstly, in contrast to the above-mentioned biological rhythms, elements of a
musical rhythm consist of events with an inter-onset-interval in the sub-seconds to
seconds range (millisecond timing), similar to speech. However, unlike the latter,
music typically consists of repetitive temporal patterns (Nettl, 2000).1
1Pike (1945) proposed that speech rhythm of different languages fell into one of two rhythmic
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A subtype of auditory repetitive temporal patterns is an isochronous (evenly
spaced) musical pulse (also ”beat”). It is prevalent across many musical styles and
cultures (Wallin et al., 2001). Isochronous time marking in an incoming auditory
stimulus allows to predict where the next beat is going to fall. In a variety of musi-
cal styles the isochronous pulse typically occurs around two cycles per second (120
beats per minute (BPM); Moelants (2003)), which coincides with the rate of repet-
itive movement such as walking (van Noorden & Moelants, 1999), or spontaneous
tapping (Fraisse, 1982). Both its predictability and time range makes the musical
pulse a cardinal cue for coordinating the movement of several individuals in a syn-
chronized performance. The tendency and the ability of human beings to move
in synchrony with a rhythmical pulse is considered to be a cross-cultural universal
(Nettl, 2000; Patel et al., 2009).
The present work focuses on the neural basis of auditory-motor integration of this
common subtype of musical rhythm - the beat. It is important to specify how the
terminology is used in the present work: While the more general term pulse can be
applied to an isochronous rhythmic event in different modalities (auditory, visual,
tactile), the term beat is confined to the auditory domain. Furthermore, the term
beat rate will be used interchangeably with tempo. The former can be used beyond
the musical domain, i.a. referring to the rate of an isochronous auditory pulse (e.g. a
metronome click) and the latter is bound to the auditory pulse of a musical rhythm.
classes. While in ”stress-timed” languages such as English and German, stressed syllables were
claimed to occur at regular temporal intervals, in ”syllable-timed” languages such as Italian and
French, syllable onsets were claimed to be evenly timed. This proposal entails that speech con-
sists of equally-spaced (isochronous) patterns, the only difference being the units that occurred
periodically. However, experimental support for isochrony in speech is lacking (Patel, 2003;
Grabe & Low, 2002). Note that there are exceptions in music, as well: 20th century Western
musical tradition, e.g. serial compositions in which intervals between tones, as well as pitch is
governed by a predetermined series of digits; 2,000-year old Chinese musical tradition Ch’in,
notations of which contains no time markings for individual notes (Patel, 2008).
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2.2. Auditory rhythm and movement induction
2.2.1. Auditory-motor integration in humans
Auditory-motor coupling can be said to involve the temporal coordination of a mo-
tor rhythm with an external rhythm (Repp, 2005). How do humans entrain to a
periodic beat? In most studies, to assess auditory-motor synchronization abilities,
finger tapping, typically the index finger is used as a measure of motor response.
This is partly due to the fact that finger tapping measurements can be conducted
with a basic experimental setup, so that there is no need for additional equipment
- in the simplest case via a standard response button. However, humans typically
perform whole body movements, foot tapping or head nodding when they sponta-
neously tune in to a rhythm. In contrast to finger tapping, such movements can be
observed in infants when they spontaneously entrain to a musical beat (Zentner &
Eerola, 2010). In particular, the vestibular system, that is stimulated by head and
whole body movement, has been suggested to be important with respect to auditory-
motor integration of rhythm. In both infants and adults, active or passive movement
(bouncing) compared to movement observation has been shown to bias the percep-
tion of an ambiguous rhythm (Phillips-Silver & Trainor, 2005, 2007). Moreover, in
adults passive motion of the head alone affected auditory encoding, whereas passive
motion of legs did not (Phillips-Silver & Trainor, 2008). Although finger tapping
does not entail vestibular information, it can, nevertheless, be regarded as reflecting
the auditory-motor component of synchronization.
A central feature of auditory-motor synchronization is the negative asynchrony:
finger taps tend to precede sequence tones by a few tens of milliseconds, rather than
being distributed symmetrically around the tone onsets (Repp, 2005). This effect
seems to be more pronounced when subjects synchronize to isochonous auditory
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clicks compared to beats embedded in a musical context, i.e. when the pulse is sur-
rounded by other rhythmic events. The causes of negative asynchrony are poorly
understood. Negative asynchrony decreases when external auditory feedback from
taps is provided (Aschersleben & Prinz, 1995), and it increases when the latter is
delayed (Aschersleben & Prinz, 1997) or when the tactile feedback from the fin-
ger is reduced through anesthesia (Aschersleben et al., 2001). One cause may be
a slower central registration of tactile and proprioceptive information, as compared
to auditory information suggesting that the negative asynchrony may be caused by
different nerve transmission delays from the finger to the brain and from the ear to
the brain. This is in line with the Paillard-Fraisse hypothesis (Fraisse, 1980) which
main assumption is that the perception of clicks and the generation of taps rely on
a shared central timeline. Accordingly, if the tap is to coincide with the metronome
click on a central timeline, then the tap has to precede the click to mitigate the
effect of nerve transmission delays. This assumption was further supported by find-
ings that the negative asynchrony is larger for foot tapping than for manual tapping
(Aschersleben & Prinz, 1995). However, the decrease of the negative asynchrony
with increasing tempo and the presence of additional rhythmic patterns cannot be
explained by the above assumptions (Repp, 2005).
Importantly, preceding or perfectly synchronous tapping suggests that subjects
possess an accurate prediction of an upcoming beat. A possible underlying predic-
tion mechanism is proposed below (cf. Fig. 2.2 and 2.3).
Finally, rhythmic sequences may or may not be beat-based, i.e. they may or
may not consist of multiples of an inter-onset-interval between two beats. More-
over, in beat-based rhythms, the beat is not always externally paced, but has to be
interpolated internally. Since beat-based rhythms enable temporal intervals to be en-
coded as multiples or subdivisions of the beat, rather than as unrelated intervals, this
mechanism may be analogous to chunking. The latter is a way of grouping compo-
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nents into a single unit (or chunk) to increase the ability to extract information from
the environment, in spite of limitations on working memory (Gobet et al., 2001;
Miller, 1956). Accordingly, the comparison of beat-based versus non-beat-based
rhythms revealed a superior ability of rhythm discrimination and synchronization
(Patel et al., 2005; Hebert & Cuddy, 2002; Grahn & Brett, 2007; Grahn, 2009). Al-
though the present work will explore auditory-motor integration of rhythms with an
externally paced beat, the above evidence underlines the beneficial effect of beats
on auditory-motor integration, as well as a superior encoding of a beat in a rhythmic
sequence.
2.2.2. Developmental perspective on auditory-motor
integration
Is auditory-motor coupling to a regular beat innate or learned? Although it has been
proposed to be a cross-cultural universal (Nettl, 2000), the fact that most studies
were preformed with an adult population does not allow to conclude that this is an
innate behavior. On the contrary, several studies with infants suggest that beat per-
ception and auditory-motor coupling to a beat is a culturally acquired, or at least a
culturally influenced behavior. Humans entrain to the beats differently depending
on their cultural origin. Their enculturation to rhythm begins during infancy: While
at 6 months North American infants respond equally to disruptions of Western and
Balkan rhythm ratios, the latter are consistent with both isochronous (i.e. 2:1 and
1:1) and non-isochronous (i.e. 3:2) rhythms, they fail only with Balkan rhythms
by 12 months (Hannon & Trehub, 2005a,b). Also, auditory preference for a beat
rate is influenced by prior movement. Phillips-Silver & Trainor (2005) revealed that
bouncing infants in a specific tempo to a rhythm with an ambiguous beat rate, deter-
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mines there subsequent perceptual preference of a beat rate.2, since infants listened
longer to rhythmic patterns that matched the patterns to which they were bounced
beforehand. Also, it is important to emphasize that accurate synchronization be-
havior, i.e. the alignment of movement with the auditory cues, emerges only around
preschool age (Drake et al., 2000; McAuley et al., 2006; Zentner & Eerola, 2010;
Eerola & Luck, 2006).
Nevertheless, a rudimentary form of beat perception has been reported in
neonates in an event-related potential (ERP) study (Winkler et al., 2009). Omitting
the downbeat elicited brain activity associated with violating sensory expectations.
Moreover, like adults, infants as young as 7 months infer an underlying beat, cat-
egorizing rhythms on the basis of beat subdivision (reported as meter) (Hannon &
Johnson, 2005). A recent study demonstrated 5-24 months old infants spontaneous
entrainment to beat-based auditory rhythms versus infant or adult directed speech
(Zentner & Eerola, 2010), although synchronization was rudimentary. Interestingly,
the preference for beat rates for entrainment has been shown to be influenced by
age-related slowing of event timing (McAuley et al., 2006). The data suggests that
children appear to operate on a faster time scale than adults, since they prefer to lis-
ten to fast sequences and to tap at fast beat rates which changes gradually with age.
This finding corresponds to the proposed impact of anthropometric factors which
covary with speed of locomotion on beat rate preference (Todd et al., 2007).
Taken together, the above evidence suggests that there is a rudimentary innate
phylogenetic and ontogenetic basis for auditory-motor integration of rhythm. How-
ever, throughout development, it becomes increasingly specialized for encoding the
musical structure of a particular culture (Hannon & Trainor, 2007).
2Note that the influence of beat rate and beat subdivision cannot be separated in this study, since
beats rate was faster in a 4/8 (2 beats) compare to 3/8 (1 beat) metre (grouping of beats, or beat
subdivisions).
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2.2.3. Auditory-motor integration of rhythm in non-human
primates
Until today there has been no evidence for primates being able to synchronize to an
auditory cue. A study with three macaques trained over several months by Zarco
et al. (2009) demonstrated that the monkeys could attend to a synchronization-
continuation task and produce tapping intervals that were modulated by interval
changes of visual or auditory cues. However, humans showed superior timing abil-
ities in both components of the task. Most importantly, even following extensive
training, in contrast to humans, monkeys showed no negative asynchrony during
the synchronization phase, but a response lagging around 300 ms behind the au-
ditory or visual cues, respectively, suggesting a reactive rather than a predictive
mechanism of sensorimotor integration. Despite the fact that these asynchronies
were smaller than in a serial reaction time task (Zarco et al., 2009), these findings
strongly suggest the lack of top-down modulations. Finally, only humans showed
smaller inter-onset-variabilities with regard to auditory-motor compared to visuo-
motor synchronizations. The latter suggests that the superior capacity for accurate
auditory-motor coupling in humans is unique among primate species.
The lack of auditory-motor synchronization abilities in non-human primates is
in line with the absence of speech communication in these species. Like auditory-
motor timing, speech comprehension and production requires a temporally precise
transformation and matching of auditory, somatosensory and motor informations
across a sequence of events. This strongly suggests differences in neural networks
enabling auditory-motor transformation, elucidated in Chapter 2.
Note that in contrast to non-human primates, some bird species have been shown
to possess auditory-motor synchronization capabilities (Patel et al., 2009; Schachner
et al., 2009). The respective behavioral hypothesis put forward states that only
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animal species with vocal learning and mimicry in their behavioral repertoire are
capable of auditory-motor coupling.
2.3. Internal forward model of auditory-motor
integration of rhythm
Humans often move when they listen to an auditory rhythm, suggesting motor net-
works may be important during rhythm perception. At the same time, behavioral
findings demonstrating negative asynchrony in auditory-motor entrainment, as well
as accurate performance in rhythm discrimination tasks suggest predictive mecha-
nisms in both rhythm perception and synchronization. Taken together, this behavior
lends support to a framework of ”internal models” (also ”simulation” or ”emula-
tion”) as proposed in motor control theory with regard to forward models (Grush,
2004; Wolpert & Flanagan, 2001), that incorporate the notion of predictions gener-
ated by the motor system with regard to the outcome of the performed movement
(Fig. 2.1).
The motor system sends a motor command to the periphery/body, together with
a copy (efference copy/corollary discharge) of this motor command, which leads
to a generation of predictions regarding the most probable outcome of the prospec-
tive action on the basis of the current state of the system. The accuracy of the
forward model is evaluated through the comparison of the actual and predicted sen-
sory feedback. A small prediction error is equivalent to an attenuated output of
the comparator, which signals the sensory discrepancy. This can be conceived as a
sensory gating or cancellation mechanism, with attenuated sensory responses in the
case of accurate prediction.
This model is dynamic in such a way that it allows to update the forward model in
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Figure 2.1.: Forward model in motor control. Adapted from Wolpert & Flanagan
(2001).
case of a mismatch between predicted and actual feedback. The sensory prediction
error from a given forward model is conceived to be represented as a probability.
Accordingly, if the error is small then the probability that the forward model is
appropriate is high (Wolpert & Flanagan, 2001).
If we were to rely on sensory signals alone, accurate and fast motor control would
be impossible. The reason is that sensory signals are prone to noise and delayed
due to receptor transduction, as well as neural conduction from the periphery. In
fast movements and movement sequences, this could lead to erroneous estimations
of the state of the system, thus potentially leading to instability. The advantage of
internal forward models is that the estimate is made ahead of the movement and the
actual sensory input. At the same time, a drift of the estimate is prevented by the
actual sensory feedback via the sensory discrepancy. In addition to coordination of
movements and movement sequences, in motor control, these models explain how
the agent system can differentiate between externally (environmentally-) and inter-
nally (self-) induced sensory input. If the latter results from self-produced move-
ment, the actual sensory discrepancy is attenuated compared to external input, as in
tickling (Blakemore et al., 2000).3
3This idea of a corollary discharge is not new. It originates from Helmholtz study of eye movement,
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This computational perspective on motor control, specifically sensorimotor sim-
ulation via internal forward models, has been applied to cognitive functions beyond
the action domain (Grush, 2004; Schubotz, 2007). It is based on the assumption that
the motor system may play a core role in the prediction of externally induced events,
as well as in other, i.a. social cognitive functions (Wolpert & Flanagan, 2001).
How can internal forward models explain auditory-motor integration behavior?
Figures 2.2 and 2.3 propose a mechanism of rhythm prediction and auditory-motor
Figure 2.2.: Internal forward model of auditory rhythm prediction
Figure 2.3.: Internal forward model of auditory-motor synchronization
who hypothesized that the illusion of a stable world on the retina arises from the predicted gaze
position which is based on a copy of the motor command acting on the eye muscles (Wolpert &
Flanagan, 2001).
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synchronization on the basis of internal forward models.
In rhythm prediction, the efferent signal from the motor system is not transmitted
to the body. Since no movement takes place, there is no additional actual proprio-
ceptive or somatosensory feedback (reafference; sensory signal resulting from own
actions) or prediction of this feedback. However, an efference copy of this efferent
signal is send to trigger those forward models that are restricted to the temporal
aspects of the auditory domain.4 Accordingly, the sensory discrepancy that results
from a difference between the predicted and the actual onset of a sound (exaffer-
ence; sensory signal from the environment) updates the forward models that predict
the expected timing of the upcoming auditory input.
Auditory-motor synchronization adds at least two additional information chan-
nels on top of the above-mentioned auditory channel. Let us take an example of
finger tapping to a beat. The efference signal is send to the periphery. The fin-
ger is in turn transmitting reafferent signals on the actual onset of somatosensory
input and of the target position of the finger relative to the rest of the body (propri-
oceptive input) in addition to the actual exafferent signals on the onset of the beat.
An efference copy of the efferent signal to the periphery triggers forward models
predicting either the timing of the auditory or the timing of somatosensory and pro-
prioceptive input. Finally, the sensory discrepancy with regard to the predicted and
actual timing of these events is computed for each modality. In addition, accu-
rate synchronization requires the comparison of exafferent auditory with reafferent
proprioceptive and somatosensory onset, presumably on a shared central timeline
according to the Paillard-Fraisse hypothesis (Aschersleben & Prinz, 1995, 1997;
Fraisse, 1980), Ascherleben and Prinz 1995, 1997).
4The hypothesized isolation of temporal forward models is in line with the fragmentation of func-
tion demonstrated for a variety of brain regions, e.g. for the visual (Zeki, 1978) or premotor
cortices (Rizzolatti et al., 1988). More specifically, evidence for a fragmentation of rhythmic
functions have been provided by patient studies demonstrating amusia for rhythm, but not for
pitch or for other properties of auditory musical sequences (Peretz, 2001).
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Returning to the beginning of this section, the application of internal forward
models to auditory-motor timing concurs with a common observation in tapping
experiments, namely that the taps precede auditory beats in rhythmic sequences
during auditory motor synchronization (negative asynchrony). Moreover, this ac-
count seems to be in line with the tendency of human beings to move in synchrony
to a rhythmical pulse: Forward models exploit the motor system for prediction of
rhythmic events that are in the time range of repetitive movements like walking, as
mentioned earlier. Thus, the frequent spontaneous tuning-in to the beat of periodic
rhythmic sequences by whole body movement, head nodding and foot tapping may
be directly associated with an enhanced involvement of the motor system. Accord-
ingly, listening to rhythmic beats may lower the motor threshold due to the use of
the motor system for the prediction of auditory timing, which may ultimately lead
to an overt motor synchronization to the beat.
3. Neurobiological basis: The
ventral premotor cortex (PMv)
A motor-related region - the ventral premotor cortex (PMv) - is the main focus of the
current experimental work on the neural basis of auditory-motor integration of audi-
tory rhythm. Why? The following theoretical account on anatomical and functional
properties of the PMv will provide the foundation for the hypothesized significance
of this region in auditory-motor integration of rhythmic sound sequences during
both listening and synchronization.
3.1. Anatomy
“(...) seeking to understand function, it is usually a good idea to study structure.” (Crick & Koch,
2005).
Each brain area has a unique pattern of inputs (afferent projections) and outputs (ef-
ferent projections) - a so-called connectional fingerprint (Passingham, 2007; Pass-
ingham et al., 2002). Whereas the afferent and efferent connections of the PMv
reveals the information it receives and the areas it influences, respectively, its intrin-
sic structure and connectivity discloses how this region operates on the information
it receives, in other words, what it does to transform input into output.
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Both the current knowledge on the structural properties of the PMv, as well as on
its anatomical projections to other brain regions that have been repeatedly shown to
be involved in the processing of auditory rhythm, are introduced in the following
sections.
Despite the lack of evidence for vocal learning and auditory-motor coupling in
the behavioral repertoire of non-human primates, both human and non-human pri-
mate anatomy is considered in the following sections. The non-human primate brain
does not always exhibit clear-cut anatomical homologies with the human brain due
to changes that occurred in brain evolution. However, non-human primate stud-
ies provide what is mostly missing in humans - a meticulous knowledge about the
structure of a region by cellular labeling, and about the origins and terminations
of multisynaptic projections by multiple tracer techniques. Thus, organization and
subdivision of cortical and subcortical regions that has been largely preserved across
species helps to fill the blanks in human neuroanatomy. In the case of anatomi-
cal features specific to humans, differences to non-human primates are discussed
and anatomical evidence is confined to studies on the human brain. Accordingly,
the integration of these information resources from human and non-human primate
anatomy furthers the knowledge of the structure and connectional fingerprint of
brain areas such as the PMv in humans.
3.1.1. Structure
The cerebral cortex contains six cytoarchitectonic layers. The relative size of the
layers differs according to their connectivity with other cortical, as well as sub-
cortical regions, and ultimately according to the function of the respective cortical
region: Layer I consists mostly of axons that run parallel to the cortical surface.
Layers II and III contain pyramidal cells that projects to other cortical areas. Layer
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IV contains interneurons and terminations of most of the inputs from the thalamus
to the cortex. Its pyramidal cells send their axons back to the same thalamic nu-
cleus that supplied the inputs, thus forming cortico-thalamic loops. For instance the
sensory cortex has a thick layer IV because of its large number of thalamic inputs.
Layer V houses large pyramidal cells, which project to the spinal chord, brain stem,
and subcortical nuclei. This layer is prominent in the primary motor cortex, because
it transfers signals to the periphery to initiate movement.
Cytoarchitectonically, the frontal lobe of primates can be very roughly described
as consisting of two major regions: a rostral and a caudal. The rostral, prefrontal
region is characterized by a six-layered structure. In some of its subregions the
granular layer IV is well developed, in others, it is only rudimental. The caudal,
premotor and primary motor part is characterized by the absence of layer IV, and
is therefore classified as an agranular cortex (Rizzolatti, 2000). While the primary
motor cortex is characterized by the presence of large pyramidal cells in layer V that
project directly to the spinal chord, in the premotor cortex these are largely missing.
Within the premotor cortex there is a further cytoarchitectonic differentiation: while
the dorsal area 6 has larger pyramidal cells and a higher myelin content than ventral
6, the ventral 6 is also characterized by an incipient granular layer IV, which is
virtually absent in dorsal area 6 (Barbas & Pandya, 1987). These architectonic
features indicate that dorsal 6 is more akin to the motor cortex, whereas ventral area
6 is more closely related to sensory cortex (Barbas & Pandya, 1987).
This subdivision of the premotor cortex into a dorsal and a ventral part support the
theory on the evolution of the structure of the cerebral cortex proposed by Sanides
(1962) based on the cyto- and myelo-architectonic data. It hypothesized that new
fields arise from phylogenetically older regions resembling them structurally. Ac-
cordingly, three so-called ”protogradations” affected the frontal cortex of primates:
a medial originating in the cingulate gyrus and extending into the PMd, a lateral,
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Figure 3.1.: Subdivision of the PMv and adjacent areas according to Amunts et al.
(2010).
originating in the insular cortex and extending into PMv and inferior frontal cor-
tex, as well as a more recent one, originating in the central sulcus. The first two
protogradations differentiate in their anatomical relationships with the major sub-
cortical structures, the basal ganglia (medial protogradation) and the cerebellum
(lateral protogradation), respectively. With respect to layer IV, the third protogra-
dation followed the principle of gradation from agranular (motor) to dysgranular to
granular (prefrontal) cortex.
In the present work, the PMv is defined according to Preuss et al. (1996) and to a
recent anatomical parcellation study by Amunts et al. (2010) as the premotor region
below the (virtual) continuation line of the inferior frontal sulcus, bordered by the
BA 44 rostrally and the BA 4 caudally.1 More specifically, the PMv can be differ-
entiated into two to three subdivisions on the basis of the distribution patterns of
six receptor types that were quantified using in vitro receptor autoradiography (Fig.
3.1). According to Amunts et al. (2010), the PMv consists of a superior area 6v2, an
inferior area 6v1, both being agranular, and showing the typical cytoarchitectonic
laminar pattern of area 6 as described by Brodmann (1909). In addition, the authors
identified a transitional area 6r1 in the precentral sulcus rostral, inferior to the ad-
1This is in contrast to Rizzolatti et al. (2002) suggesting the devision of PMv and PMd at the upper
limit of the frontal eye fields in humans.
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jacent 6v1 and bordering the ventral part of BA 44 (Broca’s area). It is transitional
in the sense that it shares cyto- and receptorarchitectonical features with both area
44 and area 6, i.e. it contains both granular cells as well as a relatively prominent
layer V. This finding is taken as further evidence for the hypothesis that the abilities
associated with Brocas region might have evolved from premotor functions (Fazio
et al., 2009).
The above additional subdivision of the PMv is also substantiated by a parcella-
tion study based on diffusion tensor imaging DTI and fMRI, revealing two distinct
portions of the PMv, according to its connectivity pattern and functional specializa-
tion (Schubotz et al., 2010).
3.1.2. Intrinsic connectivity: premotor and primary motor
cortices
In macaques, above 60% of connections in the PMv (area F4 and F5) are intrinsic
(Matelli & Luppino, 2001), which may point to their importance in the coordination
of simultaneous preparation of movements involving several effectors, like hand and
mouth movements. However, while in the lateral premotor cortex interconnections
within the PMv and PMd are abundant, there is only scarce evidence on projections
of the ventral to the dorsal premotor cortex (PMd), which is in line with the distinct
evolutionary origins of these regions proposed by Sanides (1962), as referred to
above.
Efferents Besides the projections within the PMv, this area sends its output to the
primary motor cortex (Dum & Strick, 1991, 2002). Note that direct corticospinal
projections have also been reported form this area, just as from other premotor sites
(Dum & Strick, 1991). Accordingly, all premotor areas can influence movement
both via efferent projections to the primary motor cortex and, directly, via projec-
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tions to the spinal chord. In squirrel monkeys, anterograde tracers injected into the
distal forlimb representation of the PMv revealed only sparse output to the SMA
and the PMd (Dancause et al., 2006).
Afferents Injection of retrograde tracers in the superior PMv in monkeys
revealed labeled cells in several motor-related areas: area 4 (primary motor cortex)
that were localized at its caudal part, close to the central sulcus, supplementary
motor area (SMA)2, the precentral operculum, as well as extensive intrinsic
connections in ventral PMv sites (Kurata, 1991). Only sparse input is reported
from the PMd, however some connections are reported from hindlimb to fore-
limb representations, and forelimb to face representations (Ghosh & Gattera, 1995).
3.1.3. Extrinsic connectivity
3.1.3.1. Primary auditory and auditory association cortices
The connection between the posterior auditory cortex and the frontal cortex - the
”arcuate fasciculus” (AF) - has been described in prominent accounts with respect
to speech function (Geschwind, 1970). Typically, a disruption of this pathway en-
tails the so-called ”conduction aphasia”, a selective impairment of speech repetition
with preserved comprehension and fluent production, which, however is parapha-
sic, i.e. shows speech with phonemic or word substitution (Anderson et al., 1999).
According to current literature, the AF pathway is more complex than previously as-
sumed. Three partitions have been reported in humans (Catani & Mesulam, 2008):
In addition to the long direct segment connecting posterior STG with premotor and
prefrontal areas, there is an indirect pathway consisting of two segments, an ante-
2Notably, the respective study found that the PMd receives considerably more afferents from the
SMA than the PMv.
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rior segment linking frontal territories with the inferior parietal lobule (according to
Schmahmann & Pandya (2006), the superior longitudinal fasciculus III (SLF III) in
monkeys) and a posterior segment linking the inferior parietal lobule with posterior
STG (Catani et al., 2005).
Auditory information is transferred to premotor areas via the the AF, which con-
nect the superior temporal and the inferior parietal lobes with the lateral precen-
tral gyrus - the so-called “dorsal auditory stream” (Hickok & Poeppel, 2004, 2007;
Rauschecker & Tian, 2000; Rauschecker & Scott, 2009). Numerous recent diffu-
sion tensor imaging (DTI) studies confirmed the dorsal pathway connecting these
regions in the human brain (Catani et al., 2007, 2005; Glasser & Rilling, 2008; Saur
et al., 2008; Rilling et al., 2008; Bernal & Ardila, 2009), which appears to be more
prominent in the left hemisphere in the majority of the population (Catani et al.,
2007).
While DTI allows to visualize fiber tracts in the brain by measuring the local
anisotropy of water molecules in biological tissue occurring more rapidly in the
direction aligned with the internal structure, it cannot demonstrate origins and ter-
minations of fiber pathways. Usually, tracer studies in non-human primates provide
information on the directionality and the relay stations of a pathway. However, un-
like several other fiber tracts, there is no evidence on direct connection between
auditory and ventral premotor sites in monkeys (Schmahmann & Pandya, 2006), in
contrast to the ventral prearcuate (i.e. prefrontal) zone (Chavis & Pandya, 1976;
Deacon, 1992). Specifically, the AF is known to project to dorsal area 8, dorsal pre-
frontal area 46, and the dorsal part of area 6, but not to the PMv. Only an indirect
pathway (SLFIII) originating in the rostral portion of the inferior parietal lobe and
the adjacent parietal operculum projects to the PMv and the adjacent area 44.
Accordingly, differences in the trajectory of the arcuate between humans and
macaques have been revealed. In a comparative DTI study, Rilling et al. (2008)
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Figure 3.2.: Connection between auditory and frontal areas in humans, chim-
panzees and macaques. Yellow arrow points to red, mediolaterally ori-
ented fibres in chimpanzee brain. Adopted from Rilling et al. (2008)
suggest that humans show prominent interconnection between superior temporal
and premotor, as well as prefrontal regions, whereas chimpanzees and macaques
do to a much lesser extent. The lack of evidence for connections between the au-
ditory and premotor areas is most probably associated with the lack of vocal and
speech learning in monkeys Bernal & Ardila (2009), and so far no evidence has
been demonstrated on auditory-motor synchronization by body movement in non-
human primates. Alternatively, it is feasible that the inferior PMv in humans, in
particular its rostral part extending (BA 6/44) is homologous to what is consid-
ered to be the ventral prefrontal cortex in monkeys. As mentioned before, Deacon
(1992) reports a ventral prefrontal region to be dominated by auditory projections.
Moreover, Kohler et al. (2002) found 13% of investigated neurons in area F5 to be
audiovisual-motor (mirror) neurons.
Despite the lack of information on the anatomical connections through tracer
studies, neurophysiological findings in humans indicate the presence of afferent, as
well as efferent projections from PMv to the posterior STG. A recent study record-
ing electrocorticograms time-locked to cortical electrical stimulation, revealed that
information is transmitted bidirectionally, i.e. also from precentral back to temporal
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and parietal regions (Matsumoto et al., 2004). These results challenge the tradi-
tional notion of a mono-directional posterior to anterior flow of information in the
arcuate fasciculus (Geschwind, 1970). This evidence for a bidirectional information
flow indicates that motor information is important for perception, as suggested with
respect to language (Liberman et al., 1967; Liberman & Whalen, 2000).
3.1.3.2. Cerebellum
The cerebellum and the basal ganglia are two major subcortical structures that in-
fluence movement, as well as cognition and affect (Bostan et al., 2010; Ramnani,
2006; Strick et al., 2009). Both structures form multisynaptic loops with the cere-
bral cortex.
In general, the cerebral cortex is heavily interconnected with the cerebellum,
which, as suggested in the last decade, occurs not via open3, but via closed4 loops
(Kelly & Strick, 2003; Ramnani, 2006; Strick et al., 2009). Accordingly, the cortex
projects to the cerebellum via the pontine nuclei in the brainstem and crossing to
the other hemisphere to granule and subsequently to Purkinje cells. On the other
hand, the cerebellum projects back to the cortex via deep cerebellar nuclei and the
thalamus (cf. Fig. 3.3 for a schematic display of the cortico-cerebellar circuit).
Efferents Regions with the most cortico-pontine projections are the frontal
motor-related cortices (Glickstein et al., 1985; von Monakow et al., 1981). The
premotor cortex (area 6 including its ventral part) is roughly equivalent to the pri-
mary motor cortex (area 4) in the density of its projection to the pons. Accordingly,
in the frontal cortex, the high concentration of labeled cells in area 4 continues an-
teriorly in area 6 and decreases at the 6/8 border and is even sparser rostral to area
3The notion that of all cortical sites that project via the pons to the cerebellar cortex only the motor
cortex is in turn targeted by cerebellar output.
4The notion that all cortical sites that project via the pons to the cerebellar cortex are in turn targeted
by cerebellar output.
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Figure 3.3.: Schematic diagram of the multisynaptic cerebro-cerebellar circuit.
Adapted from (Kelly & Strick, 2003). CN, Cerebellar nuclei; PC, Purk-
inje cells; GC, granule cells; PN, pontine nuclei (brainstem); Th, tha-
lamus
8, in area 9 of the frontal granular cortex (Glickstein et al., 1985). Mostly, these
cells project to the lateral lobules IV-VI, in line with the notion of a closed-loop
architecture (Kelly & Strick, 2003).
Afferents Primate studies utilizing transneuronal virus tracers demonstrated dis-
tinct multisynaptic projections of the cerebellum to the arm area of the PMv (Mid-
dleton & Strick, 1997). The projections could be traced back as far as to Purkinje
cells. Cells with multisynaptic efferent connections to the motor-related cortical
sites are located mainly in the lobules IV-VI of the cerebellar cortex (Kelly & Strick,
2003; Ramnani, 2006). They are directly connected to the main cerebellar output to
the cortex - the dorsal dentate nucleus - specifically to the same region that contains
the output to the SMA and the primary arm motor area (Kelly & Strick, 2003; Strick
et al., 2009). Importantly, these projections are segregated from those to prefrontal
areas both on the level of cerebellar lobules and dentate nucleus.
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Figure 3.4.: Schematic diagram of the multisynaptic basal-ganglia-thalamo-
cortical circuit of the premotor cortex according to Nieuwenhuys et al.
(2008) and McFarland & Haber (2000). CN, Cerebellar nuclei; PC,
Purkinje cells; GPi, globus pallidus (capsual interna); SNr, substantia
nigra; Th, thalamus
3.1.3.3. Basal ganglia
The basal ganglia receive inputs from the cerebral cortex that first project to the
striatum (caudate nucleus and putamen). The inputs go onward to the globus pal-
lidus or substantia nigra, which in turn send signals back to the cerebral cortex via
the thalamus (Fig. 3.4). There are multiple parallel loops, or circuits, in the corti-
costriatal system, each of which comprises a parent cerebral cortical area, including
motor, association, or limbic cortex (Schmahmann & Pandya, 2008). The PMv is
part of the the basal-ganglia thalamocortical loop (Nakano et al., 2000). This con-
nection will be described in the following sections.
Efferents Although some projections from interconnected frontal cortical areas
overlap, their primary projections remain segregated within the striatum. In the
dorsal striatum, SMA efferents primarily target the central, dorsal putamen, while
PMv efferents mainly target the ventral putamen (McFarland & Haber, 2000). A
rostral-to caudal hierarchy has been proposed with regard to motor-cortical areas:
While rostral areas primarily process cognitive aspects of motor control, caudal
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areas are more directly involved in movement execution. This hierarchy is mirrored
in partly segregated cortico-striatal projections, which can also be observed within
the PMv. Retrograde injections in the dorsolateral putamen show dense labeling
in caudal motor areas such as M1, caudal PMv, and cingulate motor area (CMA),
whereas ventral putamen and dorsolateral caudate injections labeled rostral PMv,
PMd, CMA and pre-SMA (McFarland & Haber, 2000).
Afferents Output channels of the basal ganglia to the primary motor area and
supplementary motor area appear to be topographically segregated from those to
the lateral premotor cortex (Nakano et al., 2000). Strick (2004) demonstrated the
ventrolateral globus pallidus (capsula interna) projection to the arm area of the
PMv. PMv, as well as hand motor area, receive strong basal ganglia and cerebellar
input via ventral lateral thalamic nucleus (Nakano et al., 2000). Findings indicate
that ventral thalamic projections relay basal ganglia output to frontal cortical areas,
but also provide direct feedback to the striatum5.
Taken together, the above anatomical evidence indicates that the PMv may be
an important node for auditory-motor integration. On the one hand, the PMv is
structurally a region at the verge of the prefrontal cortex and a relay in the dorsal
auditory stream in humans in contrast to non-human primates. On the other hand,
the PMv has dense interconnections with other motor cortical regions: the SMA
and the primary motor cortex. It modulates movements via efferent projections to
the primary motor cortex and, directly, via projections to the spinal chord. Finally,
this region is integrated into two cortico-subcortical loops, one formed with the
lateral cerebellum and another with the dorsal striatum, which influence the output
the PMv sends to other cortical areas and the corticospinal tract.
5The latter thalamo-striatal feedback connection is not depicted in Fig. 3.4
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3.2. Function
As a part of the dorsal auditory stream, comprising superior temporal gyrus (STG),
sylvian parieto-temporal region and inferior frontal regions, the PMv has been
shown to be a node for auditory-motor integration, specifically with regard to se-
quential auditory patterns like speech or music (Hickok & Poeppel, 2007; Zatorre
et al., 2007; Rauschecker & Scott, 2009; Warren et al., 2005), in which temporal
integration is critical. This is in contrast to the ventral auditory pathway that is
functionally relevant for invariant auditory features and object identification (Za-
torre et al., 2007, 2004; Rauschecker & Tian, 2000).
Although PMv in non-human primates and PMv in humans appears to have con-
siderable differences in its anatomical connectivity, in particular to auditory regions
in the superior temporal cortex, it is nevertheless essential to consider both sources
of evidence on the function of this region. While imaging experiments provide in-
formation on functional properties of brain regions in humans with a resolution of
typically above 3 mm3, they area not capable of revealing, whether the same, partly
overlapping or different neuronal populations are active during different tasks. In
other words, it is not possible to infer precisely which types of neurons are acti-
vated by the tasks. It is particularly important to keep this in mind, when it comes
to findings reporting ”mirror” neurons in the PMv exclusively based on hemody-
namic activity (cf. for instance D’Ausilio (2009), Lahav et al. (2007))6. In contrast,
intracortical recordings allow to map functional properties in the very same neu-
ronal populations according to their participation in different tasks. Consequently,
intracortical recordings in non-human primates represent a valuable source of in-
formation on a subset of basic auditory-motor integration functions of the PMv and
are summarized below. Human neuroimaging, TMS and patient studies, however,
6Until today no direct evidence of visuo-motor or audio-motor mirror neurons has been reported in
humans in the PMv, Broca’s area or adjacent frontal cortices by intracortical recordings.
32 Neurobiological basis: The ventral premotor cortex (PMv)
will be confined to studies examining more complex functions of the PMv, namely
perceptual timing, rhythmic sequence prediction and auditory-motor integration of
rhythm.
3.2.1. Recording in non-human primates
Up to know there has been no account on neurons in the PMv in macaques that
would suggest a functional tuning to auditory rhythm processing. This does not
come as a surprise. In general, auditory responses are relatively rear in monkeys,
which might partly be a consequence of reduced anatomical projections that connect
superior temporal with inferior frontal cortices, as outlined above. Moreover, mon-
keys do not appear to synchronize their responses to rhythmic sequences. Never-
theless, several studies revealed a significance of this area in more general auditory-
motor functions such as auditory localization, multisensory integration and attention
to action-related sounds.
Graziano et al. (1999) reported neurons in the PMv of macaque monkeys to repre-
sent the auditory space surrounding the head. These neurons have spatial receptive
fields that extend a limited distance outward from the head. In a follow-up study
Graziano & Gandhi (2000) recorded multi-unit activity along the precentral gyrus
of anesthetized monkeys. Auditory responsiveness was tested with a hand-held de-
vice that produced an approximately square-wave pulse at a distance of 20 cm. In
addition, claps, voice, and the sound of gloved fingers rubbing against each other
were tested. Auditory responses were rare and found in only two out of three tested
monkeys. They were all reported in the upper-most part of the PMv, in so-called
polysensory zone, which houses neurons that code for somatosensory (face, hand
and partly arm), as well as visual stimulation. The authors suggested that the pol-
ysensory zone may contribute to the guidance of movement on the basis of tactile,
3.2 Function 33
visual and auditory signals.
Besides visuomotor ”mirror” neurons, audiovisual ”mirror” neurons have been
found in the PMv (area F5) of macaques (Kohler et al., 2002; Keysers et al., 2003).
These neurons discharge both when the animal performs a specific action and when
it hears the related sound like paper ripping, peanut breaking etc. These neurons
also discharge when the monkey observes the same action. Therefore, they repre-
sent actions independently of whether these actions are performed, heard or seen.
Keysers and colleagues concluded that such neurons might represent a link to the
evolution of speech in primates, since they are located in a putative homologue of
Broca’s area, represent abstract action contents and process auditory information.
3.2.2. Neuroimaging
3.2.2.1. Perceptual timing
Although the PMv is still conceived as a motorcortical area, neuroimaging studies
have repeatedly shown the PMv to be involved in perceptual timing tasks. These
results have been revealed both in the visual and auditory modalities. The tasks can
be subdivided into rhythms with (i) discrete event durations and (ii) sequences of
event durations. While the former are usually tested within explicit and implicit
time estimation paradigms, the latter involve tasks requiring the detection of tim-
ing deviants in a sequence of durations. Importantly, both tasks rely on temporal
prediction.
Another feature that unites these tasks reported to yield activity in the PMv is
the fact that the respective durations of single events, whether embedded or not
embedded in sequences, is typically within a hundreds of milliseconds to seconds
range, which is in line with the time range of repetitive movements, as outlined
above. Such a correspondence already points to a role of the PMv in sensorimotor
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integration. Moreover, it corresponds to the notion that driving-plus-driven system
entrainment is most evident when a driving rhythm has a rate that approximates the
intrinsic period of a driven system (Drake et al., 2000).
Time estimation With regard to single interval durations Coull et al. (2004)
demonstrated enhanced activity in the right frontal operculum that correlated with
increased attention directed to the duration of a stimulus in contrast to its color.
Data from the same group supported this finding by showing that a spatio-temporal
visual task that required subjects to predict whether a braking car would eventually
collide with a distant wall, enganges the left PMv comprising inferior BA 6 and
extending into BA 44 (Coull et al., 2008).
Prediction of rhythmic sequences Both visual and auditory rhythmical se-
quence prediction has been consistently shown to activate the bilateral PMv within
a serial prediction task (SPT) paradigm (Schubotz et al., 2000; Schubotz & von Cra-
mon, 2003; Schubotz, 2007). Sequences used typically consist of chunks with two
to four durations ranging from about 200 ms to 1800 ms repeated two to four times.
The subjects’ task is to attend to the order of the durations and to try to predict
upcoming stimuli on that basis. To control for the subjects’ engagement in the pre-
diction process, a forced-choice task is implemented at the end of each trial where
subjects have to indicate by button press whether or not the sequence unfolded as
they predicted. As a control, target detection tasks or serial match-to-sample tasks
are used to match perception, alertness, and response selection to the SPT, with-
out a requirement for temporal prediction, i.e. the temporal relationship between
consecutive stimuli is task-irrelevant in the control condition.
These rhythm tasks were found to correlate with a significant increase of
metabolism in the inferior portion of the PMv (Schubotz et al., 2000; Schubotz
& von Cramon, 2001b; Schubotz et al., 2003; Wolfensteller et al., 2007). Reported
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activation encompassed parts of Brodmann Area (BA) 6v1 and 6r1 (according to
Amunts et al. (2010)), as well as BA 44. These activation patterns related to rhythm
prediction were often shown to be bilateral and robust across all studies from the
group. Importantly, activations in the inferior PMv for rhythm SPT overlapped with
those during imagery, observation and execution of mouth movements and vocal-
ization (Wolfensteller et al., 2007).
3.2.2.2. Auditory-motor integration of musical sequences
A variety of neuroimaging studies has been conducted to uncover auditory-motor
integration of musical sequences (Zatorre et al., 2007). However, despite the po-
sition of the PMv in the dorsal auditory stream, its specific role in auditory-motor
integration of rhythm is still under discussion.
Accordingly, while PMv has been reported in auditory-motor synchronization
studies requiring finger tapping to isochronous cues, e.g. in Thaut (2003); Jancke
et al. (2000), there is also conflicting evidence: Pollok et al. (2009) magnetic en-
cephalography (MEG) study report PMv activity only during synchronization to
visual, but not to auditory cues. Moreover, tapping to isochronous beats with in-
creased metrical salience due to intensity modulation revealed enhanced activity
in the PMd, as well as an enhanced functional connectivity between PMd and the
auditory cortex (Chen et al., 2006). While the PMd increase may be explained by
observed covariance between beat saliency and longer tap durations, i.e. by a move-
ment related component, the enhanced interaction cannot be reconciled with such
an interpretation.
Bengtsson et al. (2009) found the PMd, SMA, preSMA, and lateral cerebellum to
be more active when participants listened to rhythm sequences compared to random
sequences. However, isochonous contrasted to non-isochonous rhythms did not
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yield activity in the PMd, but in the frontal operculum adjacent to the PMv. In
addition Chen et al. (2008) reported PMd activity during attention to rhythm both
when subject did and did not anticipate the reproduction of these rhythms. This was
reported in contrast to the PMv, which was recruited during perceptual processes
that were coupled to action.
In musical pitch tasks, activity in the PMv has been shown to increase during
tone sequences as a function of previous auditory-motor coupling (Lahav et al.,
2007). In this fMRI study, non-musicians were trained to play a pitch sequence on
a keyboard. When they subsequently attended to the trained melody, activity in this
region increased together with PMd, Broca’s area and inferior parietal sites when
contrasted to equally familiar but motorically untrained melodies. Similar findings
were revealed in a study by Bangert et al. (2006): Pianists versus non-musicians
yielded strong activity increase in the PMv, PMd and superior temporal gyrus both
during passive listening to short piano melodies and when pressing keys on a mute
MRI-compliant piano keyboard. However, with regard to the contribution of the
PMv, these findings contradict a study demonstrating PMd and preSMA activity
to increase in pianists, when they attended to piano sounds (Baumann et al., 2007).
Furthermore, melodic and harmonic discrimination has been shown to yield activity
in regions of vocal-motor planning and production, including the PMv (Brown &
Martinez, 2007).
Zatorre et al. (2007) proposed the ventral in contrast to the dorsal premotor sub-
division to be active on attending to music for which one has an associated motor
program, i.e. a direct auditory-motor transformation. In other words, he hypoth-
esized that the PMv is involved in direct sound-to-movement mappings, whereas
the PMd mediates the higher-order selection of movements based on information
derived from a sensory cue. This distinction between direct and indirect auditory-
motor interactions is in accordance with macaque studies on direct versus indirect
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sensorimotor transformations of visual sequences (Hoshi & Tanji, 2007), but stands
in opposition to the habitual pragmatic event model (HAPEM, Schubotz (2007)),
presented below. The HAPEM is in line with a somatotopic organization of the pre-
central gyrus insofar as it assumes that there is a gradient of transformation modes
which self-induced movements and external stimuli can undergo. In contrast, the
former account, differentiates the function of the two regions according to the motor
significance of external stimuli.
Further findings shed light on the interaction of the lateral and medial premotor
and subcortical systems during rhythm perception. An enhanced functional connec-
tivity between activity in the superior PMv, SMA and putamen was revealed, when
subjects indicated that they felt a regular beat rate in an auditory rhythmic sequence
(Grahn & Rowe, 2009). In contrast to musical rhythms that exhibit externally paced
beats which are emphasized by amplitude or pitch modulations, parts of the stimuli
were rhythms, in which the beat had to be generated internally arising from the inter-
val structure of the rhythms, being multiples or subdivisions of the beat. Functional
MRI and Parkinson’s disease patients studies suggest this process to draw on the
SMA-basal-ganglia loop (Grahn & Brett, 2009, 2007). In accordance to Goldberg
(1985), the enhanced interaction of the midline and lateral systems indicates that, in
spite of the fact that PMv activity does not significantly increase during internally
generated rhythms, it yet provides resources that enable an internal prediction of the
underlying beat onset on the basis of externally paced events.
Results by Grahn & Brett (2009, 2007) correspond to the reported compensatory
function of external cues in basal ganglia dysfunction: Musical material often ex-
hibits continuous external cueing and it has been demonstrated to improve walking
ability and speech in Parkinsons disease and stroke patients (McIntosh et al., 1997;
Thaut et al., 2001).
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Interestingly, attention to preferred or highly pleasurable musical stimuli have
been reported to engage a subset of motor-related sites, such as supplementary
motor area (SMA), cerebellum and Rolandic operculum (Blood & Zatorre, 2001;
Koelsch et al., 2006). The rhythmic component of the musical material used in
these studies may potentially explain activity boosts in motor-related regions on the
basis of the tight link between auditory pulse and the motor system. However, so
far, there has been no direct evidence suggesting a contribution of the motor system
to the aesthetic appreciation of auditory rhythms.
3.2.3. Ventral premotor impairment
3.2.3.1. Lesion studies in macaques monkeys
Non-human primates do not exhibit vocal learning in the form of vocal imitation.
However, monkey vocalizations can be acquired by conditioning. In squirrel mon-
keys, the PMv has been shown to be a part of the motorcortical pathway, which
controls the patterning of learned in contrast to innate vocal utterances via the retic-
ular formation (Jurgens, 2008). Lesion of the inferior PMv produced a detrimental
effect on the control of acquired vocal utterances, but not on innate vocalizations in
monkeys which are sub-served by a region in the anterior cingulate cortex (Jurgens,
2008).
3.2.3.2. Patient studies
Schubotz et al. (2004) tested performance on visual rhythm, object and position SPT
in patients with ventral premotor lesions against age and gender matched controls,
and compared their performance to that of patients with parietal and prefrontal le-
sions. Performance in rhythm and position SPT was impaired in premotor patients
only. However, while the highest overlap of the premotor lesion was located in the
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PMv, the lesions extended above the inferior frontal sulcus in some subjects. It thus
cannot be excluded that superior PMv and PMd contributed to this effect. Note that
the modality of stimulation, in this case, visual and not auditory, partly explains the
impairment of rhythm SPT in patients with lesion in the superior PMv, since visual
stimuli typically engage the superior PMv, whereas auditory stimuli tend to engage
the inferior PMv (Schubotz & von Cramon, 2001a, 2003).
A damage to the PMv impairs certain types of vocalizations and speech. As sug-
gested by lesion evidence in non-human primates described above, patients with
lesions in the lower motor cortex and adjacent areas can produce emotional vocal
utterances like moaning, crying and laughing, however, the production of learned
vocal utterances, such as speaking and singing is disrupted, i.e. there is a loss of
fine motor control over the phonatory apparatus (Jurgens & von Cramon, 1982).
The lack of motor control over learned, but not over innate vocalizations suggests
that the inferior PMv houses neuronal populations that enable a precise timing of
vocal sequences. This is supported by evidence showing that adolescent and adult
subjects with stuttering show a lower fractional anisotropy of white matter tracts
underlying the PMv compared to healthy controls (Watkins et al., 2008), as well
as volumetric differences in the Rolandic operculum and the adjacent pars oper-
cularis (Foundas et al., 2001)7. Moreover, persistent stuttering is associated with
mobilization of brain regions contralateral to the structural anomalies for compen-
sation attempt (Kell et al., 2009). However, since stuttering has also been attributed
to basal ganglia dysfunction (Alm, 2004), it may be that this anatomical and func-
tional anomalies in the PMv are compensatory rather than causal.
7The reported structural abnormalities of white matter tracts underlying the lateral ventral premo-
tor area may partly arise due to an altered gyrification of frontal and temporo-parietal areas in
subjects with stuttering (Foundas, et al. 2001).
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3.2.3.3. Transcranial magnetic stimulation (TMS) studies
Malcolm et al. (2008) used repetitive TMS (rTMS) to test the casual contribution of
the left PMv to synchronization with a metronome beat. In contrast to rTMS over
the superior temporo-parietal cortex, rTMS over the left PMv did not show a sig-
nificant effect on auditory-motor synchronization. However, the authors assessed
the absolute tap-to-beat asynchrony and not the accuracy of synchronization, which
can be conceived to reflect the accuracy of the internal forward model. While an in-
creased tap-to-beat-asynchrony may still be very consistent, and therefore accurate
across taps, it is the variability of tap-to-beat asynchrony that reflects synchroniza-
tion accuracy (Repp, 2005). Furthermore, tapping to a metronome click requires
only minimal attention to the auditory modality. It is therefore possible that the
synchronization processes required in the present context differ substantially from
auditory-motor integration of a beat in a musical context, i.e. in the presence of
other auditory cues. Finally, it is possible that the inhibitory stimulation of the
left PMv triggered activity increases in the homologous right PMv that effectively
compensated for the dysfunction in the stimulated area.
It is important to note that other regions have been reported to be causally related
to right hand tapping synchronization. Olmo et al. (2007) report an increase of the
variability of the intertap interval after rTMS of the cerebellum ipsilateral to the
moving hand. Importantly, this was found only for movements in the subseconds,
but not in the seconds range that were made while subjects were synchronizing
with an auditory cue. There was no effect on the continuation phase or on synchro-
nization with a visual cue. Similar results were revealed after stimulation over the
contralateral dorsal premotor cortex.
Meister et al. (2007) showed that rTMS over a region on the border between
PMv and PMd can impair speech-related processing - phonetic discrimination of
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Figure 3.5.: Habitual Pragmatic Event Map (HAPEM) as adapted from Schubotz &
von Cramon (2003); Schubotz (2007). The meta-analysis on motor and
cognitive activations in the lateral premotor cortex (Schubotz & von
Cramon, 2003) suggests that prediction-related activity is structured
according to different motor effectors.
voiceless stop consonants in single syllables, but not a color discrimination control
task. This finding suggests that a perceptual processing of speech sounds draws on
resources in a motor-related region.
3.2.4. ”Habitual Pragmatic Event Map” (HAPEM)
The recruitment of a vocalization-related premotor area during perceptual timing
and auditory-motor synchronization advocates the notion of the HAPEM (Schubotz,
2007). The latter provides a theoretical explanation for the observed neural overlap
of motor and non-motor cognitive functions. The HAPEM framework claims that
activity in the lateral premotor cortex is structured according to different transfor-
mation modes such as rotation, deformation, or acceleration, rather than to motor
effectors per se. Both self-induced and observed events can undergo these trans-
formations. The sub-regions of the premotor cortex are best adapted to their motor
output in terms of the above transformation modes (3.5).
Accordingly, the dorsal subdivision of the lateral premotor cortex is involved in
arm movement and observation, as well as in perceptual tasks that require atten-
tion to space, because both events amount to a translation of position, i.e. rota-
tion. Likewise, the midline portion of the premotor cortex is active during hand or
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mouth movements, as well as object transformation, because it is tuned to defor-
mation, expansion and contraction. Finally, the inferior ventral premotor region has
been associated with vocalization, as well as with attention to rhythm (Schubotz &
von Cramon, 2001b; Schubotz et al., 2003; Thaut, 2003; Wolfensteller et al., 2007)
and melody/harmony (Brown & Martinez, 2007; Meyer et al., 2004; Schubotz &
von Cramon, 2002b), because it is tuned to ac-/deceleration and pitch rising/falling.
These changes are at the heart of both vocalization and articulation. Similarly, exter-
nal temporal events such as musical rhythms and especially the tempo of a musical
rhythm involve changes defined by ac-/deceleration. Therefore, as established for
the domain of action performance, imagery, and observation, motor networks may
be considered to provide forward models that enable attention to change beyond the
action domain (Grush, 2004; Wolpert & Flanagan, 2001), such as auditory rhythm.
Importantly, premotor cortex activation amounts only to a fraction of action, since
an integral part of movement and movement imagery - real or predicted interocep-
tive information such as proprioception - is missing. The reported PMv activity in
perceptual rhythm tasks is thus a fraction of action representation. It exploits only
the vocal and articulatory circuit, i.e. a subset of sensorimotor neurons in the areas
controlling vocal and articulatory actions (Schubotz, 2007).
Note that this framework does not a priori lend support to the notion of ”em-
bodiment” and ”embodied simulation” with regard to musical rhythm perception
(Leman, 2008), a term that suggests either movement or movement imagery and
therefore an interoceptive component. Despite the involvement of a motor-related
region in perceptual rhythm tasks, as well as evidence for a tight behavioral cou-
pling between musical rhythm and movement, this term should be applicable to
auditory-motor coupling, but not to perceptual comprehension of sound sequences
in general. This is in contrast to the term ”sensorimotor simulation” which will
be used parsimoniously in the present work, merely referring to an auditory-motor
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fraction of forward models for motor control (Grush, 2004; Schubotz, 2007).

4. Questions and hypotheses
The following sections provide a brief summary of the main objectives and hy-
potheses that are addressed in Experiments 1, 2 and 3. Note that each introductory
section of the respective experiment accommodates a more in-depth outline of these
hypotheses by relating them to the theoretical part of the present work.
4.1. PMv and auditory rhythmic preference
Humans tend to tune in to a musical pulse by head nodding, toe tapping or humming,
when they like a musical piece. Behavioral studies confirmed a tight link between
auditory rhythm preference and movement. Moreover, preferred musical stimuli
enhance BOLD activity in a subset of motor-related sites. A the same time, activity
increase in a motor-related region in the dorsal auditory stream - the PMv - has been
frequently reported in predictive rhythm and timing tasks requiring either attention
or synchronization of single intervals or interval sequences. The latter suggests
mechanisms of internal simulation via forward models in these tasks. Despite the
variety of studies investigating the association of rhythm and the motor system, the
neural mechanisms mediating auditory rhythm preference remain unknown.
The following hypotheses (H1-H4) refer to the contribution of the PMv in per-
ceptual rhythmic preference:
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H1: Attention to individually preferred rhythms is accompanied by activity in the
PMv (Experiment 1).
On the basis of the behavioral link between rhythmic preferences and movement,
musical rhythms with an individually preferred beat rate should reveal a greater
activity increase in the PMv when compared to those with a not preferred beat rate.
This effect of preference should be specific for beat rate, i.e. an event rate around
2 Hz that corresponds to the frequency of repetitive movements. A boost in PMv
activity should not be associated with the preference of a non-rhythmic property of
the musical rhythms, such as instrumental timbre.
H2: Activity increase in the PMv during preferred rhythms corresponds to activ-
ity increase during a perceptual rhythm task (Experiment 1).
If H1 is correct and increased activity in the PMv is related to an internal simula-
tion of the beat rate, it should match the activity increase associated with a beat rate
identification task.
H3: Inhibitory stimulation of the PMv interferes with rhythmic preference
strength (Experiment 2).
While an activity increase during preferred beat rate advocates a contribution of the
neural measure and behavioral state, it may still reflect a co-activation with other
causally relevant regions. Interference with its normal activity, however, provides
additional support for a causal contribution of this region to a task (Experiment
2). Accordingly, inhibitory interference with PMv activity should yield a transient
detrimental effect on beat rate preference.
H4: Effect of PMv stimulation on rhythmic preference strength can be explained
by performance in an auditory rhythm task (Experiment 2).
If both H2 and H3 are supported and auditory beat rate preference can be explained
by the same neural mechanisms as yielded by an auditory rhythm task, the beat rate
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preference strength should covary with the effect of PMv stimulation of the beat
rate identification task.
4.2. PMv and auditory-motor synchronization
Neuroimaging studies revealed PMv in auditory-motor timing tasks. Although the
PMv in the left hemisphere has been shown to be causally relevant for speech,
which like music requires precise sequential timing, no evidence has been provided
for a causal role of this cortical region in auditory-motor timing so far. Moreover, it
remains unknown which degenerate set of regions can compensate its disruption in
auditory-motor timing. The following hypothesis H5-H7 refer to the causal role of
the left PMv in auditory-motor synchronization to a musical beat.
H5: Inhibitory stimulation of the PMv interferes with effector-independent syn-
chronization accuracy (Experiment 3).
In case of a causal contribution of the PMv to general auditory-motor timing, re-
sults should reveal an effect of PMv stimulation in one hemisphere on at least two
motor effectors. An experiment involving both right and left finger tapping to a beat
of musical rhythms should demonstrated the effect of PMv stimulation of synchro-
nization accuracy.
H6: Inhibitory stimulation of the PMv causes activity increase in interconnected
areas during auditory-motor synchronization (Experiment 3).
Short-term functional reorganization after PMv disruption should elevate activity in
areas interconnected to the PMv during auditory-motor synchronization. Specifi-
cally, the homologous PMv in the hemisphere contralateral to the stimulated should
reveal an activity boost due to decreased transcallosal inhibition.
H7: A subset of compensatory mechanisms help to preserve synchronization ac-
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curacy after inhibitory stimulation of the PMv (Experiment 3).
If H6 is confirmed and interconnected regions can take over the function of the
PMv, than neuroimaging should reveal an inverse correlation between activity in
these areas and the behavioral effect of PMv stimulation: The higher activity in-
creases in these regions, the smaller should the effect of left PMv stimulation be
across subjects.
Part II.
Experimental studies

5. Methods
The current chapter provides a brief introduction to the methods used in the exper-
imental work of the present thesis, namely functional magnetic resonance imaging
(fMRI), repetitive transcranial magnetic stimulation (rTMS) and the combination of
these two techniques (offline rTMS-fMRI).
5.1. Functional Magnetic Resonance Imaging
(fMRI)
In humans fMRI can be used to assess activity in the brain during specific experi-
mental tasks and states. Important empirical observations can be made with regard
to how consistently activity increases in and interactions between certain brain re-
gions accompany certain tasks. The dependence of fMRI on blood oxygenation
renders this method particularly suitable for functional imaging of the human brain.
In contrast to positron emission tomography (PET), fMRI is non-invasive, i.e. it
does not involve the injection of radioactive tracers into the bloodstream. In addi-
tion, it offers a better temporal (in the order of seconds) then PET and a better spatial
resolution (1 mm) compared to both PET and other neuroimaging techniques like
electro- and magnetoencephalography (EEG and MEG).
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5.1.1. Physical basics
Most biological tissue is water-based (70-90 %) and the amount of water in dif-
ferent tissue types varies. The single protons of hydrogen nuclei that are found
in water molecules (H2O) in the body have a quantum mechanical property called
spin, which can be most easily thought of as a tiny spinning magnet. Note that many
atomic nuclei possess this property, however, nuclei like the water and fat protons
in biological tissues dominate the signals measured in conventional MRI.
Normally spins are randomly oriented, facing different directions. When an ex-
ternal magnetic field is applied, a small fraction of the spins orient themselves with
the magnetic field, i.e. they start to precess around the axis of the magnetic field
according to the so-called Larmor frequency, which is related to the field through
the gyromagnetic ratio (Logothetis, 2008). The strength of the applied magnetic
field is measured in Tesla (T). Typically MRI scanners used for basic and clinical
purposes have field strength between 1.5 T and 3 T, whereas the Earth’s magnetic
field is in the order of 0.0001 T. The magnetic field is applied constantly during the
scanning process. When a radio frequency (RF) field rotating synchronously with
the precessing spins is applied, the orientation of the spins rotates by 90 degrees to
their original orientation: the longitudinal magnetization is converted to transverse
magnetization. Moreover, the spins precess in phase with each other. As long as
the spins are not completely dephased and have not turned back to their original
orientation, we can receive a signal from the spins. Since this change in orientation
and phase happens only when the carrier frequency of the RF pulse is equal to the
Larmor frequency, the term magnetic resonance has been coined. The transverse
magnetization decays as a result of processes known as relaxation. Variations in
the rate at which the spins return back to the original state following the RF pulse
(the relaxation rate) can be used to distinguish between different types of biological
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tissue, since these reflect the non-uniform distribution of water molecules within
them. These differences form the basis of an image contrast. Importantly, there are
different kinds of relaxation processes, each reflecting different interactions of the
spins with their environment or with other spins: The longitudinal relaxation time
T1 is the time of recovery of longitudinal magnetization after an RF pulse. The
transversal relaxation time T2/T2* is the time of decay of transversal magnetization
due to the loss of phase coherence between spins (T2) and changes in local field
inhomogeneities (T2*). By varying the time periods between RF pulses (time rep-
etition; TR) and the time between pulse and begin of data acquisition (echo time;
TE), it is possible to create pulse sequences which are sensitive to different tissue
types, such as white or gray matter.
Functional magnetic resonance imaging (fMRI) reflects the dependence of T2*-
weighted contrasts on the amount of blood oxygenation as first discovered by
Ogawa in 1990 (Ogawa et al., 1990): Deoxygenated in contrast to oxygenated
hemoglobin is paramagnetic and, therefore, induces inhomogeneities into the local
magnetic field. The more deoxygenated hemoglobin is in the blood, the faster the
decrease in relaxation time (T2*) and the lower the blood oxygen level dependent
(BOLD) signal.
5.1.2. Physiological basics
Communication within and between neurons (e.g. ion transportation and neuro-
transmitter metabolism) requires energy, provided by oxygen and glucose. When
neurons consume oxygen they convert oxyhemoglobin to paramagnetic deoxyhe-
moglobin that introduces distortions into the magnetic field. As neurons do not
store oxygen and little glucose internally, increased neuronal activity requires more
oxygen and glucose to be rapidly delivered through blood stream. Thus, when the
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metabolic activity of neurons increases, the blood supply to that region increases
to meet this demand. More specifically, the origin of the fMRI signal (BOLD) is
an oversupply of freshly oxygenated blood that leads to a signal increase in the
activated areas.
What neural activity does the BOLD signal reflect? The exact relationship be-
tween neural activity and BOLD signal is very complex and, despite the prevalent
use of fMRI in clinical and basic research, still in parts unclear (Goense & Logo-
thetis, 2010). However, studies that utilized simultaneous fMRI and electrophysi-
ology in anaesthetized and awake monkeys repeatedly demonstrated that the fMRI
response is best correlated with the local input and local processing rather then the
output of a neural circuit (Logothetis et al., 2001; Goense & Logothetis, 2008). This
means that fMRI signal reflects the synaptic activity driving neuronal assemblies
rather than the neuronal firing patterns produced by the neurons.
The changes in the BOLD signal over time that are coupled to an event are de-
scribed by the hemodynamic response function (HRF). The poststimulus HRF has
roughly three phases that have been associated with different physiological mecha-
nisms:
1. Initial dip: Neurons consume oxygen and thus there is a rise in the amount of
deoxyhemoglobin, which in turn results in a reduction of the BOLD signal.
2. Overcompensation: The blood flow to the region increases, due to an in-
creased consumption of oxygen. It increases to the degree that overcompen-
sates for the demand of oxygen at this region.
3. Undershoot: The blood flow and oxygen consumption dip before returning
to their original level. Its physiological basis is still under debate. Recent
evidence extends the notion of a passive vascular effect, suggesting that the
poststimulus undershoot is a neurally driven component (Sadaghiani et al.,
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2009).
The HRF depends on such properties as the intensity and length of stimulation and
differs significantly between individuals and different regions within individuals
(Aguirre et al., 1997). It is important to emphasize that the brain is always phys-
iologically active. It consumes 20% of the body’s oxygen uptake, despite the fact
that it is only 2% of body weight (Gusnard & Raichle, 2001). The majority of its
large energy budget is devoted to what has been called the resting state, i.e. task-
independent activity. Relative to this very high rate of basic metabolism, the amount
dedicated to changes of brain activity during different task-related states, that are of-
ten the focus of fMRI studies, is comparably small. A major factor in the success
in of activation studies with BOLD fMRI can be attributed to the development of
statistical data processing (Friston et al., 1995b), which enabled to evaluate the sig-
nificance of these fairly weak task-related relative to task-unrelated activity. These
small relative task-related BOLD signal changes are the basis for the fMRI studies
presented in the current thesis.
5.2. Repetitive Transcranial Magnetic Stimulation
(rTMS)
With fMRI it is possible to identify regions, which activity systematically accom-
pany certain behavioral states. To address the question whether activity in a region
causally contributes to a certain behavior it is necessary to interfere with normal
activity in this region. Transcranial Magnetic Stimulation (TMS) allows to do so
non-invasively, that is without directly penetrating the brain surface, as during elec-
tric intracranial stimulation, as outlined below. Specific TMS protocols can be used
to transiently interfere with local brain activity to observe their immediate or longer
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lasting impact on behavior. By careful application, TMS can be used to transiently
recreate the deficits seen in some neuropsychological patients - a ”virtual” lesion,
or can be used to create deficits that are rarely, if ever, obtained in neurological
patients (Cowey & Walsh, 2000).
5.2.1. Physical basics
TMS is based on electromagnetic induction, a principle first discovered by Michael
Faraday in 1831. In his experiments he could show that a temporally and spatially
changing magnetic field induces an electric flow in a nearby conductor. Thus, if an
electrical current is passed through one coil, the current in the first coil produces a
magnetic field that in turn causes current to flow in the second coil. If the TMS coil
is held over a subjects head,that second coil is the brain tissue: The magnetic field
penetrates scalp and skull, and induces an electric field in the brain. Accordingly,
the main action chain of TMS is as follows: the TMS machine delivers a large cur-
rent in a short period of time, the current in the TMS coil then produces a magnetic
field and the latter, if changing rapidly enough, will induce an electric field sufficient
to stimulate neurons or change the resting membrane potentials in the underlying
cortex. The magnitude of the induced electric field is proportional to the time rate
of change of the magnetic field, which in the case of TMS is determined by the rate
of change of the current in the coil.
The geometrical configuration of the coil influences the focality of the stimula-
tion. In a round coil the magnetic field has its maximum at the center of the coil,
whereas the induced electrical field is maximal directly under the coil ring and min-
imal at the central part. The stimulation with a round coil is thus not useful when a
functional involvement of a circumscribed area is of interest. Thus, in most studies
of cognitive function the TMS coil will have a figure-of-eight shape, i.e. consisting
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Figure 5.1.: Round and figure-of-eight TMS coils and their induced electric field.
Adapted from Weyh & Siebner (2007)
of two connected round coils. This coil type induces a maximum electrical field
with a peak under the intersection of the two windings (Ren et al., 1995; Weyh &
Siebner, 2007).
The stimulators and coils develop about 1.5-2.0 Tesla (T) at the face of the coil,
produce currents changing at rates up to 170 A/µs and induce electric fields in the
cortex of up to about 150 V/m (Rossi et al., 2009) .
5.2.2. Physiological basics
The induced electric field can be of sufficient magnitude and density to depolarize
neurons, and when TMS pulses are applied repetitively they can modulate cortical
excitability, decreasing or increasing it, depending on the parameters of stimula-
tion, even beyond the duration of the train of stimulation (Rossi et al., 2009). In
short, TMS can be used to induce a transient interruption of normal brain activity in
a relatively restricted area of the brain. However, the cortical microarchitecture is
complex and differs across regions. Potential anatomical structures for TMS are ax-
ons of pyramidal axons which run perpendicular to the cortical surface. The flow of
ions brought about by the electric field induced in the brain alters the electric charge
58 Methods
stored on both sides of cell membranes, depolarizing or hyperpolarizing neurons.
The existence of passive ion channels renders the membrane permeable to these
ions: an increased membrane conductance decreases the amplitude of the change
in membrane potential due to the induced electric field and decreases the time con-
stant that characterizes the leakage of the induced charge. Experimental evidence
and theoretical calculations reviewed by Siebner & Ziemann (2007) suggest that
stimulation occurs at a lower threshold where axons terminate (e.g. a synapse), or
bend sharply, in the relatively uniform electric field induced by the TMS stimulation
coil. Axons with larger length constants, and hence larger diameters, are expected
to be stimulated at lower stimulus intensity.
5.3. Combination of rTMS and fMRI
Although subcortical, as well as cortical regions of the brain exhibit functional spe-
cializations, the brain circuitry has an in-build degeneracy Friston & Price (2003).
When one region or pathway is damaged, others might be able to compensate for
the loss, at least in parts (O’Shea et al., 2007; Chollet et al., 1991; Kell et al., 2009).
The combination of rTMS and subsequent fMRI is potentially capable of revealing
these transient compensatory mechanisms.
rTMS-fMRI presents several advantages over patient studies. It enables experi-
mental control over the focality, onset, and duration of neural interference. More-
over, it is not confounded by typically great variations across patients with regard to
lesion onset, size or location, symptom severity, diaschisis, i.e. functional damage
to connected areas and post-lesion plasticity. Further, it provided information about
the immediate impact of neural disruption on activity in connected brain regions.
Finally, healthy individuals act as their own controls, thus providing more closely
matched baseline data than might be possible with patients.
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However, the combination of these techniques has several limitations. There is
still only limited insight on the influence of rTMS on neurophysiological and BOLD
signals (Bestmann, 2008), although neural changes seem to be well reflected by
hemodynamic signals (Allen et al., 2007). Moreover, since the perturbation of brain
activity is very mild, the compensatory activity is transient, and may reveal a com-
plex dynamic progression over time.
In addition, there are also several technical difficulties that have to be solved.
The experimenter has to ensure that the interval between the end of rTMS and the
beginning of the fMRI sequence does not exceed more than 4-5 minutes, since the
behavioral effect may be detectable during the first minutes following the end of
stimulation and cease over time (O’Shea et al., 2007); in addition short-term re-
organization mechanisms may be lost. Thus, a fast transition of the subjects from
the laboratory in which rTMS is performed to the scanner is essential. Here it is
important to ensure a low variance of the interval across subjects. Finally, subject’s
movement and verbal interaction between the experimenter and the subject during
this period should be minimized as much as possible, since these events can intro-
duce noise or potentially mitigate the influence of rTMS on neural function.

6. Experiment 1. H1-H2. PMv
and auditory rhythmic
preference (fMRI)
6.1. Introduction
When listening to music that appeals to us, we often feel an immediate urge to tune
in by head nodding, toe tapping or humming. It has been shown that complex mu-
sical stimuli inducing pleasurable responses enhance BOLD activity in a subset of
motor-related sites - the supplementary motor area (SMA), the cerebellum and the
Rolandic operculum (Blood & Zatorre, 2001; Koelsch et al., 2006). However, it re-
mains uncertain whether these preference-associated activations can be induced by
preferred rhythm alone, a component of music considered to be most fundamental
with respect to linking sound to movement (Cross, 2001; Janata & Grafton, 2003;
Thaut et al., 1999).
The motor system has been found to be recruited during attention to auditory and
visual rhythm (Bengtsson et al., 2009; Chen et al., 2008; Coull et al., 2004; Grahn
& Brett, 2007; Platel et al., 1997; Schubotz et al., 2000; Wolfensteller et al., 2007).
Typically, motor-related areas are engaged by perceptual input in tasks that require
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attention to events of a subseconds duration such as a musical beat frequency, which
corresponds to the time-range of voluntary movements (Lewis & Miall, 2003; Moe-
lants, 2003). Within this motor network, the lateral premotor component has been
specifically attributed to implicit perceptual timing of stimuli with a predictable
temporal structure (Coull & Nobre, 2008). Studies report especially the ventral-
most portion of the premotor cortex (PMv) for perceptual rhythm tasks (Schubotz
& von Cramon, 2001b; Schubotz et al., 2003), an area that also corresponds to vo-
cal imagery (Kleber et al., 2007; Riecker et al., 2000; Wolfensteller et al., 2007).
This led to the assumption that PMv provides a common platform for attention
to rhythmic structure, both perceived or produced (Schubotz, 2007). To explain
the above convergence between motor and perceptual functions, the computational
perspective offered the notion of sensorimotor simulation via internal forward mod-
els (Grush, 2004; Schubotz, 2007; Wolpert & Flanagan, 2001). These simulations
serve to predict future motor, as well as perceptual states based on established sen-
sorimotor representation of previous event templates such as rhythmical patterns in
perceptual rhythm tasks. Although suggested by tuning-in behavior such as head
nodding, toe tapping or humming to the music that appeals to us, it is an open ques-
tion, whether the aesthetic appreciation of rhythms is positively correlated with such
sensorimotor simulation.
In Experiment 1 (Kornysheva et al., 2010), systematically controlled rhythmic
musical patterns were used to test the hypothesis that activity in the motor system
is particularly enhanced when subjects aesthetically appreciate musical rhythms.
More specifically, the aim was to clarify whether activity enhancement for pre-
ferred musical rhythms can be traced back to preferred beat frequency, i.e., tempo.1.
Tempo was expected to be the most important time-related property influencing the
1The terms beat rate, beat frequency and tempo are used interchangeably to refer to the frequency
of events occurring around 2 Hz.
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subjects’ preferences (i) due to its prominent role in auditory rhythm perception
(Baruch & Drake, 1997; Bella et al., 2001; Drake et al., 2000; Trainor et al., 2004),
and (ii) since it provides the underlying pulse, a beat, people tune in to when listen-
ing to music, i.e., it often triggers sensorimotor coupling (Chen et al., 2006; Drake
et al., 2000; Fraisse, 1982; Large, 2000; Moelants, 2002, 2003; van Noorden &
Moelants, 1999). To this end, brain data was modeled on the basis of individual
judgment analyses including all constituents of the musical rhythms as predictors
for the subjects’ aesthetic judgments. Besides tempo, traits such as beat grouping
(measure), beat subdivision, non-isochronous repetitive patterns and instrumental
timbre2 that a musical rhythm typically contains, were varied orthogonally.
In addition, to determine whether the hypothesized activity increase in motor-
related areas during preferred tempo can be explained by enhanced sensorimotor
simulation essential in a perceptual rhythm task, a tempo judgment condition was
employed besides an aesthetic judgment condition. The subjects were asked to de-
cide whether a musical rhythm is fast or not. In line with the notion of sensorimotor-
driven forward models and the evidence for the involvement of motor-related areas
in perceptual rhythm tasks, it was assumed that the tempo judgment task required
enhanced sensorimotor simulation. Accordingly, to identify the tempo of an incom-
ing auditory rhythm the subjects had to map an external beat frequency on their au-
diomotor representation of a template established on the basis of previous rhythms.
Thus, the tempo judgment condition served as a control to determine whether the
hypothesized activity increase in motor-related areas during preferred tempo can be
explained by enhanced sensorimotor simulation. Additionally, the tempo judgment
condition was used to ensure that the aesthetic judgments engaged the subjects in
an evaluative in contrast to a tempo identification task.
2The terms timbre, instrument type and instrumental timbre are used interchangeably to refer to the
spectral configuration of sound stimuli.
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6.2. Methods
6.2.1. Participants
Eighteen right-handed healthy volunteers (11 female, mean age 25.1 years, range
22-29 years) participated in the study. One additional participant had to be excluded
due to inadequate behavioral performance (compare results section). All subjects
received regular musical education at school which comprises singing melodies to a
piano accompaniment, basic ensemble performance, the acquisition of elementary
theoretical knowledge about Western musical harmony and rhythm, as well as about
the general principles of musical notation, but no professional musical training. Six
subjects received additional instrumental training or attended a choir for 1 to 13
years (mean: 6.1 years, SD: 5.4 years), but only three reported musical activities
of 4 to 5 hours per week at the time of their participation in the experiment. To
ensure that the stimulus material elicited appreciation in all participants, the subjects
were preselected on the basis of a behavioral test, in which they were exposed to
the stimulus material used in the current experiment. When asked how much they
enjoyed the test, all 18 participants of the present fMRI-experiment indicated at least
5 on a 7-point rating scale ranging from ”not at all” to ”very much”. After being
informed about the potential risks and screened by a physician of the institution
(Max Planck Institute for Cognitive and Brain Sciences, Leipzig), subjects gave
informed consent before participating. The experimental standards were approved
by the local ethics committee of the University of Leipzig. Data were handled
anonymously.
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6.2.2. Stimuli and Tasks
Subjects were presented with auditory musical rhythms. The rhythm stimuli were
constructed of drum sounds generated with the Microsoft Software Wavetable Syn-
thesizer (GM drum map). The stimuli had five properties, each property varying
on two or three levels respectively: tempo (slow, middle, fast; i.e. 600ms, 500ms,
400ms inter-onset-interval of beats corresponding to the beat frequencies: 1.7 Hz,
2 Hz, 2.5 Hz or 100, 120 and 150 beats per minute (BPM); quarter notes in musical
notation), measure or beat grouping (3, 4, 5 beats; 3/4, 4/4, 5/4 meter in musi-
cal notation), beat subdivision (3, 4, 5 elements per beat; eighths note triplet, four
sixteenth notes and sixteenth note quintuplet in musical notation), rhythmic figure
(long interval - short interval, short interval - long interval; dotted note and synco-
pation in musical notation) and instrument type (”bongo”: predominantly wooden
drum instruments; ”rock”: predominantly metal drum instruments; two versions
each) (cf. 6.1, upper part).
The latter property was not time-related and was introduced to increase the vari-
ety of the stimulus material. The tempo (beat frequency) varied within the range of
the preferred ”tempo-octave” of contemporary dance music (Moelants, 2003; van
Noorden & Moelants, 1999). The rhythm stimuli appeared in all 216 possible com-
binations, e.g. the rhythmic figure ”long interval - short interval” occurred in all
tempi, measure types, beat subdivisions, instrument types and instrument versions
(cf. Supplementary material; Stimulus examples). Each combination of property
levels was presented only once in the experiment, i.e., there were no stimulus repe-
titions.
Similar to the paradigm introduced by Jacobsen et al. (2006) in the context of
aesthetic and symmetry judgments of abstract visual patterns, the stimulus material
was used for aesthetic (AJ) and tempo (TJ) judgment conditions (cf. 6.1, lower
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Figure 6.1.: Structural elements of a musical rhythm and an exemplary trial se-
quence of both judgment tasks and the control condition. The rhythmi-
cal structure of a musical rhythm was determined by tempo (beat rate),
measure (the grouping of beats), beat subdivision (elements per beat)
and rhythmic figure. Additionally, instrument type was introduced to
increase variety in the stimulus material. The depicted rhythm example
schematically displays a middle tempo with three beats per measure,
three elements per beat and a repetitive rhythmic figure containing a
long, followed by a short interval. A variable jitter time of 2.5-4 s was
followed by a task cue (1 s) and an auditory stimulus presented for 3 s.
Participants were asked to press the selected response button when they
had decided but still while the sound was presented. They were asked
to decide whether or not the presented musical rhythm was beautiful
(aesthetic judgment) or fast (tempo judgment); in the control condition,
they were asked to press the left button if a white noise was interrupted
by two silent gaps and the left button for three silent gaps.
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part). In a forced choice paradigm, participants were instructed to attend to the
presented stimuli and to decide whether or not the presented stimulus was beautiful
(aesthetic judgment) or fast (tempo judgment). The subjects were asked to judge
the stimuli with regard to previous stimuli in the experiment. They were instructed
to press the selected response button when they had decided while the rhythm was
presented.
In German, the word ”beautiful” - ”scho¨n” - also means ”nice” and ”pleasant”.
Thus, the judgments ”beautiful” and ”not beautiful” was chosen to assess each sub-
ject’s liking of the rhythms. However, to ensure the correspondence between the
judgment ”beautiful” and liking in the current experiment, the subjects were asked
to indicate on a scale between -3 (”do not agree”) and +3 (”agree”) how strongly
they consent to the statements that they (i) like and (ii) do not like musical rhythms
which they judge as beautiful in a post-experimental interview. Results support that
the judgment ”beautiful” was strongly coupled to liking (mean consent rating (N =
16): +2.4; 0.2 SE) in contrast to not liking (mean consent rating (N = 16): -2.7; 0.2
SE).
The temporal judgment task required dichotomous judgments on non-
dichotomous features, just as the aesthetic judgment task, yet continuous attention
to beat frequency for the identification of tempo. Additionally, a more basic control
condition (CC) intermixed with the experimental trials was designed to monitor the
subject’s overall attention, in which they were presented white noise stimuli that
were interrupted by two or three silent gaps of 50ms. They were asked to press
the left button for two and the right button for three interruptions. All stimuli were
normalized in intensity level using root mean square (RMS).
Each trial (8 s) started with a cue (1 s), indicating whether to perform an aes-
thetic judgment (”beautiful?”), tempo judgment (”fast?”) or control condition task
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(”2 or 3?”), followed by the stimulus (3 s) and a fixation phase (2.5-4 s), which
length depended on the variable jitter times (0, 500, 1000 or 1500 ms) that were
inserted between the trials to enhance the temporal resolution of the BOLD re-
sponse. The duration of the stimulus was set to 3 s, i.e. approximately 1 s after
the average RT, which was identified by preceding pilot testing. Altogether, 300
trials were presented: 108 in the AJ, 108 in the TJ, 54 in CC, as well as 30 empty
trials (resting condition; RC), which were intermixed with the experimental trials.
Each judgment condition was assigned 108 of 216 rhythm stimuli, the temporal fac-
tors (tempo, measure, beat subdivision and rhythmic figure) counterbalanced across
conditions and the two instrument versions of ”bongo” and ”rock” counterbalanced
across subjects. Instrument type ”bongo” and ”rock” were equally distributed across
both judgment tasks. Each judgment task could occur maximally three times in a
row. CC trials did not occur in a row. The frequency of all conditions, as well as
all tempo types (slow, middle, fast) were equally distributed across sub-blocks of
100 trials. Moreover, all trial transitions between the two judgment conditions were
counterbalanced across the session. 16 different trial randomizations matching the
above criteria were used for 18 subjects.
To ensure the subjects became familiarized with the task and the musical rhythms
as a point of reference for their preference and tempo judgments, a training contain-
ing 30 example trials (12 trials AJ, 12 trials TJ, 4 trials CC, 2 trials RC), which were
randomly chosen from the pool of stimuli for each subject and counterbalanced for
tempo type, was presented prior to the experimental session.
6.2.3. MRI Data acquisition
Imaging was performed at a 3 T scanner (Siemens TRIO, Erlangen, Germany)
equipped with a standard birdcage head coil. Participants were placed on the scan-
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ner bed in a supine position with their right index and middle fingers positioned
on the appropriate response buttons of a response box. To prevent postural ad-
justments, the participants’ arms and hands were carefully stabilized by tape. In
addition, form-fitting cushions were utilized to prevent head, arm and hand move-
ments. Rhythms were presented over SereneSound Digital audio headphones with
30dB headset gradient noise attenuation. Further attenuation was achieved with in-
sert earplugs rated to attenuate scanner noise by approximately 38 dB. Thirty axial
slices (192 mm field of view, 64 x 64 pixel matrix, 4 mm thickness; 1 mm spac-
ing, in-plane resolution of 3 x 3 mm) positioned parallel to the bicomissural plane
(AC-PC) covering the whole brain were acquired using a single-shot gradient echo-
planar imaging (EPI) sequence (TE 30 ms, flip angle 90◦, TR 2000 ms, 116 kHz ac-
quisition bandwidth) sensitive to blood oxygenation level-dependent (BOLD) con-
trast. In total, 1212 functional images were acquired in a single run. Prior to the
functional imaging, 30 two-dimensional anatomical T1-weighted MDEFT images
and 30 T1-weighted EPI images with the same spatial orientation as the functional
data were acquired. The EPI acquisition was continuous to prevent periodic silent
gaps between TRs to disrupt the participants’ encoding of the rhythms. A slice ac-
quisition frequency of 15 Hz was chosen to ensure the continuous scanner noise
to be well above the fastest frequency of elements of the rhythmical stimuli (12.5
Hz) to prevent an auditory interaction between the two sources of rhythmic patterns
and ensure that the participants were able to attend to the stimuli. By conducting
an auditory test (56 sec) with the EPI sequence prior to data acquisition the sound
level was adjusted for each participant in such a way that the stimuli could be eas-
ily heard over the scanner noise by each participant at an individually comfortable
sound pressure level. When explicitly asked in a post experimental interview, par-
ticipants reported no difficulty hearing the stimuli during the whole course of the
measurement or performing any of the tasks.
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6.2.4. Judgment analysis
For each individual participant, a linear mathematical model (individual case
model) of judgment strategy was computed to examine the influence of stimulus
properties on aesthetic judgments (Brehmer & Joyce, 1988; Cooksey, 1996; Jacob-
sen, 2004; Jacobsen et al., 2006). To this end, multiple regressions were computed
using the stepwise method, including all properties of the 108 musical rhythms in
the aesthetic judgment task as potential predictors of individual performance: tempo
(slow = ”1”, middle = ”2”, fast = ”3”), measure (3 beats = ”1”, 4 beats =”2”, 5 beats
= ”3”), subdivision (3 elements per beat = ”1”, 4 elements per beat = ”2”, 5 elements
per beat = ”3”), rhythmic figure (long followed by short interval = ”1”, short fol-
lowed by long interval = ”2”) and instrument type (”bongo” = ”1”, ”rock” = ”2”).
The latter two, being nominal, were assigned ”dummy” variables. For example,
a musical rhythm with a slow beat frequency, three beats per measure, four ele-
ments per beat, a long-short figure, consisting of predominantly metal drum sounds
(”rock”) was assigned tempo = 1, measure = 1, subdivision = 2, rhythmic figure =
1 and instrument type = 2. In principle, the orthogonality of all stimulus properties
as implemented in the experimental design allowed for all predictors to enter the
model simultaneously. However, only variables providing incremental explanation
of variance (p-value less than or equal to .05) entered the model. The beta weights
of the predictors which did enter the individual model were taken to reflect the sub-
ject’s individual preferences (e.g., Cooksey (1996); Table 6.2). In an additional step
of the analysis, the individual predictor beta weights were used to categorize the
subjects for the subsequent BOLD-analysis (cf. Figure 6.2 2). In case the predic-
tors tempo and instrument, which were the most important ones at the group level,
did not enter an individual case model of a subject (p-value higher than .05), the
enter method of multiple regression was used, which includes all specified predic-
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Figure 6.2.: Grouping of trials for the BOLD-contrasts preferred vs. not preferred
tempo and preferred vs. not preferred instrument. The grouping was
performed according to Table 6.2, i.e., each subjects’ beta weights for
tempo and instrument obtained by multiple regression (individual case
models), which describe the influence of each stimulus property of the
musical rhythm on individual aesthetic judgments. In subjects with neg-
ative weights for tempo, slow tempo trials were classified as preferred
tempo and fast tempo were classified as not preferred tempo. In sub-
jects with positive beta weights for tempo, fast tempo trials were clas-
sified as preferred tempo and slow tempo trials were classified as not
preferred tempo. Consequently, for instance, slow tempo trials in sub-
jects with a preference for slow tempo and fast tempo trials in subjects
with a preference for fast tempo were grouped together under the con-
dition ”preferred tempo”. The trial grouping according to instrument
preference followed the same logic.
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tors in the model irrespective of the significance of their contribution. This way,
full models were computed to obtain the respective beta weights, irrespective of
their significance. These beta weights provided information on the mere tendency
of every subject to prefer rhythms with slow tempo (negative beta weights) or fast
tempo (positive beta weights), as well as the instrument type ”bongo” (negative beta
weights) or ”rock” (positive beta weights). Note that this approach of classification
according to beta weights is rather conservative, since the effect is not magnified by
forming groups of subjects with extreme values.
6.2.5. MRI Data analysis
Functional data were motion-corrected online with the Siemens motion correction
protocol (Siemens, Erlangen, Germany). Further processing of the fMRI data was
performed using the software package LIPSIA (Lohmann et al., 2001). To correct
for the temporal offset between the slices acquired in one image, a cubic-spline in-
terpolation was employed. Low-frequency signal changes and baseline drifts were
removed using a temporal highpass filter with a cutoff frequency of 1/96 Hz. Spa-
tial smoothing was performed with a Gaussian filter of 5.65 mm FWHM. To align
the functional data slices with a 3D stereotactic coordinate reference system, a rigid
linear registration with six degrees of freedom (3 rotational, 3 translational) was per-
formed. The rotational and translational parameters were acquired on the basis of
the MDEFT (Norris, 2000) and EPI-T1 slices to achieve an optimal match between
these slices and the individual 3D reference data set. This 3D reference data set was
acquired for each subject during a previous scanning session. The MDEFT volume
data set with 160 slices and 1mm slice thickness was standardized to the Talairach
stereotactic space (Talairach & Tournoux, 1988). The rotational and translational
parameters were subsequently transformed by linear scaling to a standard size. The
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resulting parameters were then used to transform the functional slices using trilinear
interpolation, so that the resulting functional slices were aligned with the stereotac-
tic coordinate system, thus generating output data with a spatial resolution of 3 x 3
x 3 mm (27 mm3). The statistical evaluation was based on a least-squares estima-
tion using the general linear model for serially autocorrelated observations (Friston,
1994; Friston et al., 1995a,b; Worsley & Friston, 1995). The design matrix was
generated with a synthetic hemodynamic response function (Friston et al., 1998;
Josephs et al., 1997) and its first derivative modeled at the onset of the stimuli and
at trial onset in the resting condition. The model equation, including the observation
data, the design matrix and the error term, was convolved with a Gaussian kernel
of dispersion of 4 s FWHM to deal with the temporal autocorrelation (Worsley &
Friston, 1995). In the following, contrast-images, i.e. beta value estimates of the
raw-score differences between specified conditions, were generated for each par-
ticipant. As noted before, each individual functional dataset was aligned with the
standard stereotactic reference space, so that a group analysis based on the contrast-
images could be performed. One-sample t-tests were employed for the group anal-
yses across the contrast images of all subjects, which indicated whether observed
differences between conditions were significantly distinct from zero. T values were
subsequently transformed to Z scores.
To correct for false-positive results, in a first step, the initial voxelwise z-threshold
was set to Z = 2.576 (p = .005, uncorrected) for the main contrast beautiful vs. not
beautiful and the contrast tempo judgment (TJ) vs. resting condition (RC) used in
a subsequent conjunction analysis, as well as Z = 2.33 (p=.01, uncorrected) for the
contrast preferred vs. not preferred tempo and preferred vs. not preferred instru-
ment. In a second step, the results were corrected for multiple comparisons using
cluster-size and cluster-value thresholds obtained by Monte-Carlo simulations at a
significance level of p<.05. In order to determine which of the areas enhanced
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during aesthetic judgment could be due to preference of tempo and which due to
preference of instrument, the contrast preferred tempo vs. not preferred tempo and
preferred instrument vs. not preferred instrument was masked by the contrast beau-
tiful vs. not beautiful.
Additionally, the signal change in several functionally defined regions of interest
(ROIs) was analyzed. A ROI was defined as the peak voxel of a premotor (a pri-
ori hypothesis), an anterior cingulate and cerebellar area (identified in a post-hoc
analysis) that was activated relatively more for musical rhythms judged as beauti-
ful in contrast to not beautiful or for rhythms with a preferred in contrast to a not
preferred tempo masked by the contrast beautiful vs. not beautiful. Within each
ROI, the percentage signal change was calculated in relation to the mean signal
intensity across all time steps. Subsequently, the mean signal change over a four
second epoch, starting five seconds after stimulus onset, was extracted for each
condition and participant. Correlational analyses were performed using standard
Pearson correlation coefficient and Pearson correlation significance (two-tailed) on
percent signal changes to examine the functional association between activity in
premotor and anterior cingulate ROIs. Cases with a Cook’s distance index (Cook &
Weisberg, 1980) above the value of one, a measure of how much the residuals of all
cases would change if a particular case were excluded from the calculation of the
regression coefficients, were considered as outliers. A repeated-measure analysis
of variance (ANOVA) with the factors TASK (aesthetic judgment/tempo judgment)
and PREFERENCE (preferred tempo/not preferred tempo) was computed for the
percent signal change in the premotor ROI identified by the contrast preferred ver-
sus not preferred tempo during aesthetic judgment masked by the contrast beautiful
vs. not beautiful.
The anatomical locations of the functional activation were assigned by consid-
ering both the peak voxel and the position of the respective activation cluster in
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Talairach stereotaxic space (Talairach & Tournoux, 1988) for cortical and subcor-
tical activations. The MRI atlas of the cerebellum by Schmahmann et al. (2000)
was used to locate cerebellar activations. For this purpose, Talairach coordinates of
cerebellar activation were converted to MNI305 space by an algorithm implemented
in the GingerALE application (Laird et al., 2005; Lancaster et al., 2007).
6.3. Results
6.3.1. Behavioral results
Behavioral performance was assessed by error rates in the control condition (CC),
reaction times and frequency of response. 94.0% (1.7 SE) of all responses in the CC
were correct. There were 0.1% non-responses and 5.9% erroneous responses. Aes-
thetic judgment (AJ) responses showed 0.5% non-responses and tempo judgment
(TJ) 0.1% non-responses. 47.2% (3.3 SE) of the stimuli under the aesthetic judg-
ment task were judged as beautiful, 52.8% as not beautiful, the difference being not
significant (p=.409, paired t-test). 51.9% (2.4 SE) of the stimuli under the tempo
judgment condition were judged as fast, 48.5% (2.4 SE) as not fast, the difference
being not significant (p=.485, paired t-test). 90.1% (1.7 SE) of the musical rhythms
with a fast beat frequency (tempo) were judged as fast, 81.6% (2.4 SE) of the mu-
sical rhythms with a slow tempo were judged as not fast. Mean response times
and standard errors (in parentheses) were as follows: beautiful (aesthetic judgment
”yes”) 2042 ms (123 ms); and not beautiful (aesthetic judgment ”no”) 2036 ms
(121 ms); fast (tempo judgment ”yes”) 1564 ms (127 ms); and slow (tempo judg-
ment ”no”) 1710 ms (118 ms). A repeated-measures ANOVA over the judgment
latencies with the factors TASK (AJ/TJ) and ANSWER (yes/no) revealed a main
effect of TASK (F(1,17) = 4.61, p<.05) and an interaction (F(1,17) = 4.61, p<.05).
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Further investigation of the interaction TASK by ANSWER showed an effect of
judgment latencies for ANSWER under the tempo task (p<.03, Bonferroni cor-
rected), with delayed response for stimuli that were judged as slow. One additional
subject (see methods/participants) had to be excluded from analysis due to the fact
that he judged all stimuli as beautiful in the aesthetic judgment condition, although
all participants were instructed to judge each rhythm in relation to previous rhythms
in the experiment.
For 15 out of 18 participants, a substantial individual case model was derived.
Standardized regression coefficients (beta weights) and multiple regression coeffi-
cients (R) are shown in Table 6.1. The remaining three participants did not show
a significant linear relationship between any of the stimulus properties and their
judgments.
Instrument type was found to be the most important stimulus property determin-
ing participants’ aesthetic judgments (cf. Table 6.1).
As predicted by pilot testing, tempo was the most influential time-related stim-
ulus property determining participants’ aesthetic judgments at the group level with
beta weights ranging from -0.48 to 0.46. However, for half of the participants tempo
was not a significant predictor for aesthetic judgments. To determine whether these
subjects tended to prefer slow or fast tempo, even though the preference was not
pronounced, the beta weights we obtained for the remaining subjects using the
enter method of multiple regression which includes all specified predictors in the
model irrespective of the significance of their contribution to the model (cf. Table
6.2). To allow a subsequent analysis of the BOLD response to preference for the
most important time-related predictor - tempo, the participants were divided into
two groups on the basis of the beta weights for tempo, of which one group tended
to prefer fast (positive beta weights) and the other group slow tempo (negative beta
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Table 6.1.: Individual linear mathematical models (individual case models) of judg-
ment strategy computed to examine the influence of stimulus properties
on aesthetic judgments. Standardized regression coefficients and multi-
ple regression coefficients (R) as obtained by stepwise multiple regres-
sion are shown. Columns show all predictors of preference judgments
(tempo, measure, beat subdivision, rhythmic figure and instrument type;
the latter two, being nominal, were assigned dummy variables.). Each
subjects most important predictor for the judgment beautiful is in bold
font.
subject tempo measure subdivision rhythm. fig. instrument R
1 0.271 -0.259 0.373
2 -0.796 0.796
3 -0.248 0.248
4 /
5 -0.443 0.443
6 /
7 -0.229 -0.229 -0.460 0.563
8 -0.414 0.414
9 -0.476 -0.251 0.389 0.664
10 0.464 0.178 0.497
11 -0.204 -0.181 0.500 0.570
12 /
13 -0.778 0.778
14 0.227 0.204 -0.482 0.565
15 -0.854 0.854
16 0.964 0.964
17 0.253 -0.282 0.379
18 -0.277 -0.231 0.361
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weights). Two out of 18 subjects had to be excluded from classification having beta
weights of zero, and thus indicating the absence of a linear preference trend to-
wards slow or fast tempo. Thus 16 subjects could be classified with regard to their
tendency to prefer slow (eight subjects) or fast tempo (eight subjects), so that atten-
tion both to preferred and not preferred tempo during the aesthetic task contained
an equal amount of slow and fast tempo trials on the single-subject and the group
level, respectively (cf. Table 6.2 and Fig. 6.2).
The individual beta weights for tempo ranged from -0.01 to -0.48 in the group
that preferred slow and from +0.07 to +0.46 in the group that preferred fast tempo.
The same procedure was employed for instrumental preference (cf. Fig. 6.2). All
subjects could be classified with regard to their tendency to prefer ”bongo” (10 sub-
jects) or ”rock” (eight subjects), so that attention both to preferred and not preferred
instrument contained an equal number of trials with the instrument types ”bongo”
and ”rock” on single-subject and approximately the same on group level, respec-
tively. Here the individual beta weights for instrument type ranged from -0.046 to
-0.854 in the group that preferred ”bongo” and from +0.019 to 0.964 in the group
that preferred ”rock”.
Furthermore, participants for whom a substantial individual case model was ob-
tained revealed differences in linear predictability, i.e., the degree to which individ-
ual judgments captured using a linear equation differed between participants. Mul-
tiple R’s ranged from 0.25 to 0.96, i.e., a range of explained judgmental variance
from 6% to 92%D˙ifferences in explained variance are typically interpreted as an
index of strategy use (Steward, 1988). Participants with a higher linear predictabil-
ity, i.e., stronger linear relationships, used systematic judgment strategies, while
linearly unpredictable judges most likely employed highly configural cue combina-
tions, i.e., particular configurations of combinations of stimulus features (Brehmer
& Joyce, 1988; Cooksey, 1996).
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Table 6.2.: Grouping of subjects according to tempo and instrument preference.
Standardized regression coefficients (beta weights) for tempo (A.) and
instrument type (B.), which describe the influence of these predictors on
individual aesthetic judgments, were obtained by stepwise (*) and enter
multiple regression. Due to the linear mathematical modeling, these beta
weights provided information on the tendency of every subject to prefer
rhythms with slow tempo (negative beta weights) or fast tempo (posi-
tive beta weights), as well as the instrument type bongo (negative beta
weights) or rock (positive beta weights). Subjects are sorted according
to the respective absolute value of beta weights for tempo and instrument
separately. They were divided according to their tendency to prefer slow
(negative beta weights) and fast (positive beta weights) (A.), as well as
instrument type A (negative beta weights) and B (positive beta weights)
(B.), respectively. This information was used to determine differences in
BOLD-response during trials with preferred compared to not preferred
tempo and preferred compared to not preferred instrument type (cf. Fig.
6.2 for the grouping of trials according to preference).
A. B.
subject preferred tempo tempo subject preferred instrument instrument
(beta weight) (beta weight)
1 slow tempo -0.476* 12 bongo -0.854*
2 -0.414* 9 -0.796*
3 -0.277* 11 -0.778*
4 -0.229* 15 -0.482*
5 -0.204* 4 -0.460*
6 -0.127 7 -0.443*
7 -0.024 17 -0.259*
8 -0.014 6 -0.248*
9 0 8 -0.130
10 0 16 -0.046
11 fast tempo 0.068 13 rock 0.019
12 0.091 14 0.094
13 0.094 2 0.131
14 0.184 3 0.151
15 0.227* 18 0.178*
16 0.253* 1 0.389*
17 0.271* 5 0.500*
18 0.464* 10 0.964*
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Finally, since tempo was an important cue for the aesthetic judgment, it was cru-
cial to rule out on the behavioral level that the aesthetic judgment can be explained
by explicit tempo judgments (i.e., ”fast, therefore beautiful” or ”fast, therefore not
beautiful” depending on the preferences, respectively). A one-tailed correlation be-
tween the beta weights for preferred tempo, which indicated how much there was a
tendency to prefer fast (positive value) or slow tempo (negative value), and the per-
centage of accurate classification of fast and slow tempo, respectively, did not reveal
any significant relationship (beta weight for preferred tempo and correct classifica-
tion of fast tempo: r=-.300; p=.113; beta weight for preferred tempo and correct
classification of slow tempo: r=.136; p=.295).
6.3.2. fMRI results
Beautiful vs. not beautiful judgments
As hypothesized, trials presenting rhythmic stimuli that were judged as beautiful
led to significantly stronger bilateral activations within inferior ventral premotor
cortex, which extended into the frontal opercular cortex adjacent to the anterior
insula, the so-called precentral operculum (PCO/PMv; Brodmann Area (BA) 6;
Peters & Jones (1985)), and in the cerebellum (superior semilunar lobule bilaterally,
left lobule simplex and left inferior semilunar lobule) (cf. Fig. 6.3A and Table 6.3).
Additionally, activations were found in the anterior cingulate cortex (ACC; BA 24),
the right superior frontal gyrus (BA 10) and the middle frontal gyrus (BA 9).
Importantly, the above activity pattern was preserved when excluding six subjects
who received instrumental training or attended a choir at some point in their life in
addition to the regular musical education at school, indicating that these results were
not driven by musical education (cf. Fig. A.1).
In a subsequent post-hoc analysis was perfomed to identify whether there was
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Table 6.3.: Activation foci in Experiment 1: Anatomical specification, hemisphere
(R right, L left), Talairach coordinates (x, y, z) and maximal Z scores (Z)
of significant activations in the direct contrasts. ACC: anterior cingu-
late cortex; aMFG: antero-medial frontal gyrus; BA: Brodmann area;
MFG: middle frontal gyrus; PCO: precentral operculum; PMv: ventral
premotor cortex; SFG: superior frontal gyrus; Z = z-score.
Brain region Hemisphere x y z Z
Beautiful vs. Not Beautiful Rhythms
PCO/PMv (BA 6) L -41 4 9 3.82
PCO/PMv (BA 6) R 37 7 12 3.53
Crus I L -29 -80 -12 4.61
Crus I R 40 -62 -12 3.65
Lobule VI L -23 -65 -21 3.63
Crus II L -35 -74 -42 3.61
ACC (BA 24) R 4 19 21 4.38
SFG (BA 10) R 22 58 0 3.83
MFG (BA 9) R 22 37 21 3.54
Preferred Tempo vs. Not Preferred Tempo (AJ)
PMv (BA 6) L -53 1 24 3.82
Putamen R 28 -17 12 3.67
Thalamus. pulvinar R 7 -26 12 3.39
Aesthetic Judgment (AJ) vs. Tempo Judgment (TJ)
aMFG (BA 9) L -5 55 27 3.55
aMFG (BA 9/32) R -2 43 21 3.51
aMFG (BA 10) R 13 52 9 3.36
Anterior ventral insula L -32 16 -3 4.19
IFG -32 31 -12 3.64
Midbrain L -14 -23 -12 3.42
Pons R -2 -32 -21 3.6
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Figure 6.3.: Effects of rhythmical preference. A. Areas elevated for rhythms judged
as beautiful compared to not beautiful (beautiful vs. not beautiful
rhythms). Scatter diagrams indicate correlations of percentage signal
changes in left PCO/PMv and ACC, as well as left and right PCO/PMv
during beautiful and not beautiful judgments, respectively. Each data
point represents the mean and standard error of the percent signal
change for each subject and location. B. Areas elevated for preferred
tempo vs. not preferred tempo. The overlap between the contrast beau-
tiful vs. not beautiful and preferred tempo vs. not preferred tempo
during the aesthetic judgment task revealed a significant activation in
the left PCO/PMv (-50 4 12, Z = 2.72; 54 mm3).
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a response-specific linear relationship between ACC and PCO/PMv, areas that are
known to be related to voluntary initiation/suppression of emotional vocal utter-
ances and control of learned vocal patterns, respectively (Jurgens, 2002, 2008; Ju-
rgens & von Cramon, 1982). To express quantitatively the relationship in activa-
tion of these regions as a function of preference, the percentage signal change was
extracted from the peak voxel in the respective ROIs that were defined by the con-
trast beautiful vs. not beautiful in each subject. Pearson correlation coefficients
were computed for ACC and left PCO/PMv, ACC and right PCO/PMv, as well as
left and right PCO/PMv. ACC and left PCO/PMv correlated in trials judged as
beautiful (r=0.656**, p<.005), but not in trials judged as not beautiful (r=0.193,
p=.458), after excluding an outlier (with outlier: r=0.578*, p<.05 and r=0.253,
p=.311). There was no correlation in either aesthetic judgment between ACC and
the right PCO/PMv (Beautiful: r=0.382, p=.131; Not Beautiful: r=0.373, p=.141),
whereas a significant correlation between right and left PCO/PMv was preserved
during both aesthetic judgments (Beautiful: r=0.742**, p<.005; Not Beautiful:
r=0.686**, p<.005), pointing to a functionally invariant relationship. The percent
signal changes between ventral premotor and cerebellar sites (superior semilunar
lobule bilaterally) did not yield any significant correlations in beautiful or in not
beautiful judgments.
Preferred tempo vs. not preferred tempo
In addition to a general effect of preference for musical rhythms, it was exam-
ined which of the above components could be traced back to the preference for
the most important time-related property determining whether a musical rhythm
was judged as beautiful or not. In accordance with previous studies that demon-
strated the importance of tempo in auditory rhythms perception (Baruch & Drake,
1997; Bella et al., 2001; Drake et al., 2000; Trainor et al., 2004) and sensorimotor
coupling (Chen et al., 2006; Drake et al., 2000; Fraisse, 1982; Large, 2000; Moe-
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Figure 6.4.: Effects of tempo preference on premotor activity. Percent signal change
(% sc) for musical rhythms with preferred and not preferred tempo dur-
ing the aesthetic (AJ) and tempo judgment (TJ) conditions, as well as
% sc during the resting condition (RC) in the ventral premotor ROI
(-50 4 12; identified by the overlap between the contrast preferred vs.
not preferred tempo during the aesthetic judgment task and the contrast
beautiful vs. not beautiful). In the timeline chart, the onset corresponds
to the onset of the respective stimulus and the % sc during the AJ and
TJ conditions is depicted relative to the % sc of the RC.
lants, 2002, 2003; van Noorden & Moelants, 1999), tempo was the most influential
time-related property both in preceding pilot testing and in the behavioral results
of the fMRI experiment (Table 6.2). The preference for slow or fast tempo was
identified in every subject by judgment analysis (cf. Methods/Judgment analysis
and Results/Behavioral results for classification procedure). The contrast between
attention to preferred vs. not preferred tempo during the aesthetic judgment task
masked by the contrast beautiful vs. not beautiful yielded a significant activation
in the left PCO/PMv only (-50 4 12; Z = 2.72; 54 mm3). There was an inter-
action between TASK (aesthetic judgment/tempo judgment) and PREFERENCE
(preferred tempo/not preferred tempo) in the above premotor ROI (repeated mea-
sures ANOVA; F(1,15) = 5.018; p<.05) with a pronounced percent signal change
difference between preferred and not preferred tempo only during the aesthetic, but
not the tempo judgment task (Fig. 6.4).
In line with this finding, a conjunction analysis revealed a common activation of
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the left PMv (-53 2 15; Z = 3.72; 1026 mm3) both during the tempo task vs. rest
and preferred vs. not preferred tempo in the aesthetic judgment task.
Besides the ventral premotor overlap between the contrasts preferred vs. not
preferred tempo during the aesthetic judgment task and beautiful vs. not beautiful,
musical rhythms with preferred tempo during the aesthetic judgment task elevated
activity in the lateral and superior part of the left ventral premotor cortex (PMv; BA
6), as well as the putamen and the pulvinar nucleus of the thalamus (Fig. 6.3 and
Table 6.3).
As in the valence analysis (beautiful vs. not beautiful judgments), the above ac-
tivity pattern was preserved when excluding five subjects who received instrumental
training or attended a choir at some point in their life in addition to the regular mu-
sical education at school (Fig. A.1). Moreover, individual percent signal change
data revealed that in the PMv, the hemodynamic signal increase when listening to
musical rhythms with a preferred tempo was not driven by musical training (r=-
.08; p=0.384; one-tailed), but rather by how strongly a subject preferred a tempo
(r =.626; p<0.01; one-tailed), as expected from the categorization of preferred and
not preferred tempo (Fig. A.2).
Preferred instrument vs. not preferred instrument
To determine whether the activation of the left PCO/PMv was related to tempo pref-
erence and not to instrumental preference, it was evaluated whether instrumental
preference was accompanied by activity in this area. The preference for instrument
type was identified in every subject by judgment analysis (cf. Methods/Judgment
analysis and Results/Behavioral results for classification procedure). The contrast
between attention to preferred vs. not preferred instrument during the aesthetic
judgment task masked by the contrast beautiful vs. not beautiful did not yield sig-
nificant activation in the left PCO/PMv, but extended cerebellar activations, partic-
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Figure 6.5.: Significantly activated areas for aesthetic as opposed to tempo judg-
ments.
ularly in the superior semilunar lobule bilaterally (-32 -77 -9; Z = 2.95; 594 mm3;
and 28 -71 -12; Z = 3.48; 1782 mm3).
Aesthetic judgment vs. tempo judgment
As tempo was the most important time-related cue for aesthetic judgments, one
might argue that aesthetic judgments of rhythms simply amount to explicit tempo
judgments (i.e., ”slow, therefore beautiful” or ”slow, therefore not beautiful”, re-
spectively), which would mean that subjects bypassed the instruction to deliver an
evaluative judgment. Therefore, a direct contrast between preference and tempo
judgment tasks was computed. Significant cortical activity differences were ob-
served in the anterior ventral insula, the antero-medial frontal gyrus (BA 9, BA
9/32, and BA 10) and the inferior frontal gyrus (BA 47) (Fig. 6.5 and Table 6.3).
There was no significant activation for the reverse contrast (tempo vs. aesthetic
judgment).
6.4 Discussion 87
6.4. Discussion
In Experiment 1 fMRI was conducted to investigate how aesthetic appreciation of
musical rhythms modulates activity in motor-related areas. As expected, the results
demonstrate that attention to preferred musical rhythms correlated with activity in-
crease in a network of motor-related areas. In particular, musical rhythms judged as
beautiful compared to not beautiful enhanced the BOLD response bilaterally in the
precentral operculum/ventral premotor cortex (PCO/PMv; BA 6) and in the cere-
bellum.
Moreover, the results show that preference-associated effects in the motor areas
induced by musical stimuli (Blood & Zatorre, 2001; Koelsch et al., 2006) emerge
even when musical appraisal is reduced to that of tempo (beat frequency) alone,
i.e. to a time-related feature that provides a pulse people tune in to when listen-
ing to music (Chen et al., 2006; Drake et al., 2000; Fraisse, 1982; Large, 2000;
Moelants, 2002, 2003; van Noorden & Moelants, 1999). Activity in the PMv in-
creased not only during attention to musical rhythms judged as beautiful, but, more
specifically, also during attention to rhythms with a preferred tempo. These find-
ings extend research on auditory and visual timing, showing that the motor system
is not only engaged during attention to rhythm in general (Bengtsson et al., 2009;
Chen et al., 2008; Coull et al., 2004; Grahn & Brett, 2007; Schubotz et al., 2000,
2003; Wolfensteller et al., 2007), but more specifically, that it is more engaged for
preferred rhythm.
Since subjects were asked to deliver an aesthetic (or, more generally, an evalua-
tive) judgment, it was important to examine in more detail how they behaved under
this instruction. To this end, two controls were employed: Firstly, we sought to rule
out that aesthetic judgments of rhythms simply amount to explicit tempo judgments.
In that case, subjects would have bypassed the instruction to deliver an evaluative
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judgment. However, the absence of significant correlations between tempo prefer-
ence and performance on the tempo judgment task is in line with the assumption of
independent behavioral mechanisms underlying these tasks. Importantly, the signif-
icant hemodynamic differences between aesthetic appraisal of rhythm and temporal
judgments demonstrated that the subjects engaged in an evaluative in contrast to
a tempo identification task: The antero-medial and inferior frontal activations di-
rectly replicated the findings of a study on aesthetic judgments of abstract visual
patterns (Jacobsen et al., 2006). Secondly, a judgment analysis allowed us to exam-
ine the strategies underlying these evaluative judgments. The systematic influence
of the different constituents of the musical rhythms on the subjects’ aesthetic judg-
ments was probed on the basis of individual case models (Brehmer & Joyce, 1988;
Cooksey, 1996; Jacobsen, 2004; Jacobsen et al., 2006) and determined each sub-
ject’s preferences for the two most influential constituents ruling individual aesthetic
judgments of the musical rhythms - instrument type (either ”bongo” or ”rock”) and
tempo (either fast or slow). This enabled us to dissociate the influence of tempo
and instrumental preference on activity enhancement in motor-related areas ele-
vated by rhythms judged as beautiful. Hence, the network identified for beautiful
as compared to not beautiful rhythms could be decomposed, revealing one compo-
nent related to tempo preference (PCO/PMv) and the other related to instrumental
preference (cerebellum).
The PMv activated during preferred rhythms and tempo and its adjacent areas,
the inferior frontal gyrus and the Rolandic operculum, have been shown to be in-
volved in voice-related tasks, such as singing (Ozdemir et al., 2006; Perry et al.,
1999) and speech (Wildgruber et al., 1996), as well as singing imagery (Kleber
et al., 2007; Riecker et al., 2000) and speech imagery (Rauschecker et al., 2007;
Shergill et al., 2006). The premotor activation most likely overlaps with the pre-
central area crucial for the control of learned vocal patterns, e.g. in speech and
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song. When this region is electrically stimulated, movements of the vocal chords
are triggered in human and non-human primates (Jurgens, 2002; Penfield & Ras-
mussen, 1952). Furthermore, if it is damaged bilaterally in humans, singing and
speaking is no longer possible (Groswasser et al., 1988). In squirrel monkeys, it
has been shown to be a part of the motorcortical pathway, which controls the pat-
terning of learned vocal utterances via the reticular formation (Jurgens, 2008). The
activation of a vocalization-related premotor area supports our hypothesis based on
the notion of a correspondence of movement execution or imagery and attention to
external events in the premotor cortex (Schubotz et al., 2003; Wolfensteller et al.,
2007). Following the account of the ”Habitual Pragmatic Event Map” (Schubotz,
2007), which proposes a generic framework for the neural overlap of motor and non-
motor cognitive functions, activity in the premotor cortex is structured according to
the modes of transformations such as rotation, deformation, or acceleration, which
self-induced as well as observed events can undergo. More specifically, the inferior
ventral premotor region has been associated with attention to event change affected
by ac-/deceleration (Schubotz & von Cramon, 2001b; Schubotz et al., 2003; Thaut,
2003; Wolfensteller et al., 2007) and pitch rising/falling (Brown & Martinez, 2007;
Meyer et al., 2004; Schubotz & von Cramon, 2002b). These changes are at the
heart of both vocalization and articulation. Similarly, external temporal events such
as musical rhythms and especially the tempo of a musical rhythm involve changes
defined by ac-/deceleration. Thus, as established for the domain of action perfor-
mance, imagery, and observation, motor networks may be considered providing
forward models that enable attention to change beyond the action domain (Grush,
2004; Wolpert & Flanagan, 2001).
Notably, studies have reported the enhancement of dorsal instead of ventral
premotor cortex activity during timing tasks (Chen et al., 2006; Lewis et al.,
2004). However, this discrepancy may be due to differences between experimen-
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tal paradigms such as the use of finger tapping in the above mentioned studies. A
systematic comparison between motor and non-motor timing paradigms would be
valuable in order to clarify the functional contributions of the network components
(Schubotz & von Cramon, 2001a).
How can the boosting effect of rhythmic preference on premotor activity be ex-
plained? The comparison of tempo preference effects on PMv activity during the
aesthetic and tempo judgment tasks, as well as the premotor activity increase com-
mon to both preferred tempo and the tempo judgment task shed light on the cogni-
tive and neural mechanisms underlying this effect. According to the framework of
sensorimotor forward models (Grush, 2004; Schubotz, 2007; Wolpert & Flanagan,
2001), to accomplish a perceptual rhythm task such as the tempo task, i.e. to judge
whether a musical rhythm is fast or not, the subjects had to map the incoming ex-
ternal beat frequency of the musical rhythms on their audiomotor representation of
a template established on the basis of previous rhythms, no matter whether it was
preferred or not. The effect of preferred tempo on the percent signal change in the
PMv during the aesthetic judgment task and the tempo judgment control (cf. Fig.
6.4) provides physiological evidence that attention to preferred tempo recruited neu-
ral recourses in the premotor cortex which have been shown to support perceptual
rhythm tasks: The data pattern shows that activity during the aesthetic judgment
task increased to the level of the tempo judgment task only when subjects were lis-
tening to the tempo they preferred. Accordingly, a conjunction analysis revealed
that both during preferred (compared to not preferred) tempo and during the tempo
judgment task (compared to rest) activity increases in the PMv. These analyses
thereby corroborate the assumption that ventral premotor activity during preferred
tempo is driven by enhanced sensorimotor simulation of the external beat frequency
of the musical rhythms, i.e. by computations also recruited during the tempo task.
Interestingly in this context, the lateral premotor cortex is discussed to compen-
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sate the functional impairment of the basal ganglia-SMA loop during voluntary
movement in Parkinson’s disease (PD) in the presence of external visual as well
as auditory pacing cues (Hanakawa et al., 1999; McIntosh et al., 1997; Okuma,
2006). In line with these findings, a study contrasting listening to tones occurring at
equal time intervals, thus constituting an external beat, and not equal time intervals
has demonstrated an enhanced activity in the pars opercularis of the inferior frontal
gyrus, which is adjacent to the PMv (Bengtsson et al., 2009). All musical rhythms
in Experiment 1 provided such an external isochronous cue due to the continuous
presence of an overt beat. This is different from studies in which the underlying beat
has to be inferred from the auditory rhythmic structure (beat induction) - a process
that is suggested to be subserved by the SMA and the putamen and that is impaired
in PD patients (Chen et al., 2008; Grahn & Brett, 2007). Since the PMv has been
shown to enable expectations of incoming auditory rhythms(Schubotz et al., 2004),
the enhanced activity in the PMv during preferred tempo may support accurate syn-
chronization to an external beat and facilitate the tuning-in to the beat of music
that people prefer. Thus, our findings point to a possible significance of preference
in sensorimotor coupling during auditory rhythms. Future studies should assess,
whether the presence of a preferred beat frequency can increase the therapeutic ef-
fect of synchronisation to an external beat on gait and speech reported in PD patients
(Baker et al., 2008; McIntosh et al., 1997; Thaut et al., 1999, 2001; van Wegen et al.,
2006; Willems et al., 2007).
Can the effects reported in Experiment 1 be distinguished from motor imagery
of a tuning-in behavior such as head nodding, toe tapping or humming? Our find-
ings confirm this interpretation: Firstly, the co-activation of the PCO/PMv signal
elevated for rhythms judged as beautiful with a peri-genual aspect of the ACC (BA
24), which was not predicted initially, may point to a suppression of overt tuning-in
to an external rhythm during preferred rhythms, but not to a motor imagery of an
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internally generated rhythm. A post-hoc ROI analysis revealed that while the signal
change between the left and right PCO/PMv significantly correlated both during
”beautiful” and ”not beautiful” judgments, indicating an, in this respect, function-
ally invariant connection, the signal change in ACC and the PCO/PMv significantly
correlated only during musical rhythms judged as beautiful, but not during those
judged as not beautiful. The ACC has been shown to control the readiness to
phonate, i.e. the voluntary initiation and suppression of vocal utterances via the
periaqueductal grey and the reticular formation (Jurgens, 2008; Jurgens & von Cra-
mon, 1982; Paus, 2001). In the reticular formation, the limbic pathway converges
with the motorcortical pathway, and the output projects to phonatory motoneurons
(Jurgens, 2008). Thus, it is conceivable that the reticular formation allows the ACC
to inhibit the initiation of learned vocal patterns triggered by the PCO/PMv. That is
to say, the more we prefer a musical rhythm, the lower is the motor threshold due to
an increase in PCO/PMv activity, and the more inhibition is provided by the ACC to
suppress overt vocalization. In Experiment 1, the enhanced ventral premotor activity
during preferred musical rhythms may facilitate the sensorimotor transformation of
the acoustic afference (rhythmic stimuli) to vocal and articulatory representations,
whereas ACC performs a vocal gating function. Secondly, a motor imagery ex-
planation cannot be reconciled with the absence of activation in dorsal premotor
regions for neck and foot movements. And thirdly, there was no activity increase
in areas characteristic for motor imagery and motor preparation such as the pri-
mary motor cortex, primary and secondary somatosensory areas, and especially the
SMA/pre-SMA, an area which has been shown to be most reliably involved in vo-
cal imagery (Kawashima et al., 2000; Kleber et al., 2007; Rauschecker et al., 2007;
Riecker et al., 2000; Thobois et al., 2000). Thus, it seems more consistent with
the data to consider premotor involvement during preferred rhythms and tempo as
an audiomotor fraction of vocal and articulatory representations that are exploited
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during attention to external rhythmic events. Such a fraction misses proprioceptive-
motor and other sensorimotor representations which are part of motor imagery, as
well as movement.
Although such an audiomotor fraction exploits a circuit that is mainly involved
in vocalization, this activity boost may facilitate effector-independent tuning-in be-
haviour including toe tapping or head nodding. It was found that the localization
of attention-related activation in PM varies not as a function of the motor effec-
tor previously assigned to the attended stimulus, but rather of the produced effects
(Wolfensteller et al., 2004). That means, with respect to PMv involvement here, it
should make no difference whether a rhythm is produced by finger tapping, head
nodding, foot tapping, or humming. Accordingly, Bengtsson et al. (2005) report ac-
tivity enhancement in the left ventral BA6/BA44 both during rhythmic speech and
during rhythmic left and right finger movement. Macaque studies have shown that
there is a family of premotor neurons that is not tuned to motor effectors, but to the
perceivable effect that a movement brings about. Thus, some grasping neurons are
unspecific for limb and grip type, i.e., grasping a target with the right or left hand or
the mouth can engage the same neuron (Rizzolatti et al., 1987). That is, of course,
not to say that other premotor neurons are not tuned to motor effectors. Activity in
PMv in Experiment 1 may reflect a facilitation of producing preferred rhythms with
an arbitrary motor effector, including fingers (Chen et al., 2008; Lahav et al., 2007;
Zatorre et al., 2007).
Finally, attention to preferred tempo elicited higher activity in the right putamen.
Apart from its recognized general function in timing mechanisms (Coull et al., 2008,
2004; Ferrandez et al., 2003; Nenadic et al., 2003; Rao et al., 1997, 2001), putamen
activation is enhanced by the presence of a regular compared to an irregular beat.
This has been shown both during an auditory rhythm discrimination task (Grahn &
Brett, 2007) and during bipedal dance movements to music (Brown et al., 2006). In
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music the predominance of, and thus a preference for, a regular beat or repetitive
temporal patterns is a cross-cultural universal, presumably because musical rhythms
have their origin in the motor rhythms controlling locomotion, breathing and heart
rate (Trainor, 2008). Since all the musical rhythms in this experiment had a regular
beat, our results suggest that putamen activation can be modulated not only by beat
regularity, but also by the preference for a beat frequency (tempo).
Using fMRI the issue of causality cannot be resolved, i.e. whether activation
of the PMv is a function of the extent of the preference for a rhythm that we lis-
ten to or whether preference emerges as a function of the extent to which rhythms
cause activity in the PMv. This should be addressed by future transcranial magnetic
stimulation studies. If rhythmical preference is driven by PMv activity, rhythmical
preferences should break down or vanish by inhibitory PMv stimulation; if, how-
ever, PMv activity is just an effect of rhythmical preference, rhythmical preferences
should be preserved even in the presence of inhibitory PMv stimulation.
Experiment 1 demonstrates that the aesthetic appreciation of musical rhythms is
accompanied by activity increase in parts of the motor system and thus lend support
to the assumption that the motor-system-based internal simulation of rhythms can
be enhanced by preference. Our findings point to a link between activity increase in
the ventral premotor cortex during rhythms with a preferred tempo (beat frequency)
and the tuning-in to the beat of music that we enjoy.
7. Experiment 2. H3-H4. Causal
contribution of the PMv to
auditory rhythmic preference
(rTMS)
7.1. Introduction
A tight link exists between the motor system and preferred auditory rhythm (Todd
et al., 1999). The tempo range of different popular musical styles has been shown
to closely match that of repetitive movements such as locomotion (Moelants, 2003;
van Noorden & Moelants, 1999). A series of behavioral studies demonstrated prior
repetitive movement to prime preferences for musical rhythm in children and adults
(Phillips-Silver & Trainor, 2005, 2007, 2008). Likewise, a strong association has
been shown between spontaneous motor tempo and preferred tempo of auditory
stimuli, which varies across age (McAuley et al., 2006) and between individuals
(Todd et al., 2007). Accordingly, beat rate (tempo), a periodic auditory pulse with
an inter-onset-interval in a sub-seconds range peaking around 2 Hz (van Noorden
& Moelants, 1999) corresponds to the preferred frequency of repetitive movements
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in adult individuals (McAuley et al., 2006). A beat serves as a central auditory
cue when synchronizing body movements to music (Drake et al., 2000; Fraisse,
1982; Kirschner & Tomasello, 2009; Styns et al., 2007) and appears to be a human
universal (Nettl, 2000).
Despite the evidence for a coupling between preferred auditory tempo and move-
ment, it is not fully understood how the central nervous system drives the prefer-
ence strength for auditory beat rates, i.e. whether activity in motor-related regions
contributes to this preference. Neuroimaging studies have provided evidence that
subjectively pleasurable music is accompanied by activity increase in medial and
lateral motor-related cortical regions - the supplementary motor area (SMA) and
the Rolandic operculum, as well as the cerebellum (Blood & Zatorre, 2001; Koelsch
et al., 2006), but these studies did not directly examine the link between these re-
gional activity increases and the preference for specific rhythmic components, such
as preferred auditory rhythm or beat rate. In order to investigate whether preferred
tempo, a component considered to be most elementary with respect to coupling
sound to movement (Cross, 2001; Janata & Grafton, 2003), leads to an activity
increase in motor-related sites, Experiment 1 was conducted, which involved rhyth-
mic musical patterns (Kornysheva et al., 2010). On the basis of the subjects’ indi-
vidual aesthetic judgments, the analysis of the BOLD-response revealed an activity
boost in premotor and cerebellar areas during the subjective appreciation of musi-
cal rhythms. Specifically, left ventral premotor (PMv) activity was enhanced for
stimuli with a preferred tempo, but not for stimuli with preferred timbre (control
variable). Furthermore, there was a significant correlation between the subjects’
tendency to prefer a tempo (be it slow or fast) and the signal increase in the left
PMv (Fig. A.2). While these results demonstrated that an activity increase in the
left PMv very systematically accompanies musical rhythms with a preferred tempo,
they did not allow to draw conclusions with regard to the contribution of the left
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PMv to tempo preference. Is the left PMv co-activated with critical areas, but is
itself not critical for tempo preference? Due to the observational nature of fMRI,
it remains an open question whether activity in the left PMv directly contributes to
tempo preference strength.
To directly address the contribution of left PMv activity on the strength of tempo
preference, an offline repetitive transcranial magnetic stimulation (rTMS) study
(Experiment 2) was conducted. Low-frequency repetitive TMS is a noninvasive
method which is applied in order to temporarily disrupt activity in a restricted cor-
tical area by a transient reduction of cortical excitability (Boroojerdi et al., 2000;
Chen et al., 1997; Gerschlager et al., 2001; Maeda et al., 2000). It can provide in-
sight into the causal role of a cortical area in behavior (Pascual-Leone et al., 2000),
by showing that an interference with activity in this area can systematically af-
fect behaviour. Given that the signal increase in the left PMv correlated with the
subjects’ tendency to prefer a tempo (Fig. A.2), it was hypothesized that PMv
activity increase is not only associated with, but also affecting tempo preference
strength. The influence of the variable tempo on their aesthetic judgment of the
musical rhythms should temporarily decrease after inhibition of the left PMv and
the stability of tempo preference should be transiently impaired.
In a randomly selected population, subjects considerably differ with regard to the
strength of their tempo preference, with some subjects having no tempo preference
at all and some subjects having a very strong tempo preference (Kornysheva et al.,
2010). Subjects with a stronger tempo preference had a more pronounced PMv ac-
tivity boost during rhythms with preferred tempo than subjects with weaker tempo
preference, some of the latter even showing an activity decrease during preferred
tempo (Fig. A.2). Accordingly, the effect of inhibitory stimulation was evaluated
depending on the individual tempo preference strength. If PMv activity influences
tempo preference, an inhibitory stimulation of this region should have a more pro-
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nounced effect on subjects with stronger in contrast to subjects with weaker tempo
preference, in whom activity increase in the PMv tends to be lower or missing.
rTMS over the left PMv should produce a more pronounced effect in subjects with
strong tempo preference since these are assumed to show a larger activity increase
in the left PMv under normal conditions (Fig. A.2). A temporary disruption of
activity in the left PMv should reduce the strength of individual tempo preference
more strongly in subjects with a pronounced tempo preference in a control session.
To ensure that the expected effect is both region-specific, specific to the function
under investigation and bound to PMv stimulation in time, four controls were im-
plemented: Firstly and based on the BOLD-contrast analysis of Experiment 1, the
left temporo-occipital cortex/angular gyrus (AG) was chosen as a control site for
stimulation. AG was significantly less activated (bilaterally) for all conditions con-
taining auditory rhythms when compared to rest. Therefore, if the effect is specific
to left PMv rather than just a region-unspecific influence of rTMS, the tendency to
prefer a tempo shall be disrupted after left PMv stimulation, as compared to left AG
stimulation (baseline). Secondly, the preference for a stimulus variable that is unre-
lated to timing within a sub-seconds range - timbre (spectro-temporal configuration
of the sound) - served as a measure to probe the specificity of rTMS stimulation on
tempo preference. Thirdly, a condition which measured tempo recognition (prob-
ability to recognize rhythms with a fast beat rate) throughout the experiment was
included, thus controlling for more basic perceptual capacities. Finally, to ensure
that the effect is bound to PMv stimulation, it was evaluated whether the effect is
more pronounced in the first as compared to the second half of the experiment af-
ter PMv stimulation, since behavioral and neurophysiological effects of TMS are
known to wear off across time (Allen et al., 2007; O’Shea et al., 2007).
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7.2. Method
7.2.1. Participants
Sixteen healthy female volunteers (mean age 25.1, range 22-30 years) with nor-
mal or corrected to normal vision participated in Experiment 2. All subjects were
right-handed according to the Edinburgh Inventory of Manual Preference (Oldfield,
1971). None of them were professional musicians. Their rhythm perception abil-
ity ranged from 22 to 29 (mean: 26.6; SE: 0.58) on a scale of 30 (online version
of the rhythm test from the Montreal Battery of Evaluation of Amusia (MBEA),
http://www.delosis.com/listening/home.html). Therefore, each subjects was within
two standard deviations of the population mean (Peretz et al. (2003), cf. MBEA
norms update 2008, http://www.brams.umontreal.ca/plab/publications/article/57).
One additional subject participated in the experiment, but her results were excluded
from further analysis due to an incorrect measurement of the resting motor thresh-
old (cf. TMS protocol). All subjects were naı¨ve concerning the hypothesis of this
study and encountered the stimulus material for the first time. None of the sub-
jects had any history of medical or psychiatric disease or contraindication to TMS
(Wassermann, 1998). All subjects gave informed written consent to participate in
Experiment 2. Experiments were approved by the Ethics Committee of the Medical
Faculty, University of Cologne, Germany.
7.2.2. Stimuli and Tasks
Subjects were presented with auditory musical rhythms, which had five properties -
tempo, measure (beat grouping), beat subdivision, rhythmic figure and timbre - that
varied orthogonally on two or three levels, respectively (Fig. 7.1). These stimuli
had been previously used and described in more detail in the Experiment 1.
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Figure 7.1.: Experimental trial and stimulus structure. Each trial started with a
variable jitter time of 0.5-3.5 s followed by a task cue (1 s) and an au-
ditory stimulus presented for 3 s. Subjects were asked to decide whether
or not the presented stimulus was beautiful (Aesthetic Judgment) or fast
(Tempo Judgment). Participants were asked to press the selected re-
sponse button when they had decided but still while the sound was pre-
sented. The auditory stimulus was determined by the factors beat rate
(tempo/inter-onset-interval of beats), measure (the grouping of beats),
beat subdivision (elements per beat), rhythmic figure and a factor unre-
lated to subseconds timing, timbre (spectro-temporal configuration of
the sound stimulus), that varied on two or three levels respectively (cf.
sound examples in Supplementary Material). Two of these five proper-
ties were relevant for the current experiment: beat rate (experimental
variable in orange) and timbre (control variable in grey). The depicted
rhythm example possesses a middle tempo with three beats per mea-
sure, three elements per beat and a repetitive rhythmic figure contain-
ing a long, followed by a short interval. The timbre panel shows two
frequency spectrum types: sounds with predominantly wooden drum
instruments (left side) and sounds with predominantly metallic drum
instruments (right side).
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Two of these five properties were relevant for the current experiment: tempo (beat
rate) and timbre (spectro-temporal configuration of the sound). Tempo was varied
on three levels: slow (1.7 Hz / 100 BPM), middle (2.0 Hz / 120 BPM) and fast (2.5
Hz / 150 BPM), whereas timbre could be either ”wooden” (predominantly wooden
drum instruments) or ”metallic” (predominantly metallic drum instruments) with
two versions of each timbre. The assignment of these timbre versions to experimen-
tal conditions and sessions was counterbalanced across participants. In combination
with the other three counterbalanced properties of the musical rhythms (beat sub-
division, beat grouping, rhythmic figure), the rhythms appeared in all 216 possible
permutations, each rhythm presented only once per session.
Musical rhythms were used for aesthetic (AJ) and tempo (TJ) judgment condi-
tions, which were also included in the preceding Experiment 1. The participants
were instructed to attend to the presented stimuli and decide whether or not the
presented stimulus was beautiful (AJ) or fast (TJ) (7.1). As demonstrated in a
post-experimental interview of the Experiment 1, the German word for ”beauti-
ful”, ”scho¨n”, which also means ”nice” and ”pleasant”, is closely related to liking
the rhythms. The subjects were asked to judge the stimuli relative to other stimuli
in the experiment and not relative to their favorite musical pieces. They were in-
structed to press the button as soon as they decided while the rhythm was presented.
Loudness was adjusted individually.
Each trial (6 s) started with a cue (1 s), indicating whether to perform an aesthetic
judgment (”beautiful?”) or a tempo judgment (”fast?”), followed by the stimulus (3
s) and a fixation phase the length of which was variable (0.5-3.5 s) depending on
the jitter times (0, 500, 1000, or 1500 ms).
Since an inhibitory effect of rTMS usually does not outlast 20-30 minutes after
the end of stimulation (Fitzgerald, et al. 2006), the experiment lasted 21.6 minutes,
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during which 216 trials were presented: 108 in the AJ and the TJ condition, re-
spectively. To capture a possible recovery of tempo preference strength after rTMS
during this time range (Allen et al., 2007; O’Shea et al., 2007), all levels of tempo
and timbre were equally distributed across the two sub-blocks (10.8 minutes each;
Fig. 7.2) and conditions, respectively. 16 different trial randomizations matching
the above criteria were used.
7.2.3. Procedure
Each subject participated in two sessions that were separated by seven days, with
an exception of two subjects, whose sessions were separated by eight and ten days,
respectively. During the session the subjects were tested after rTMS over either the
left PMv or the left AG (Fig. 7.2).
The order of the sessions was counterbalanced across participants. The experi-
ment took place in a quiet, shaded and air-conditioned room. Subjects were com-
fortably seated in an adjustable armchair with a head-rest. Each session started with
a training containing example trials (12 trials AJ and 12 trials TJ), which were ran-
domly chosen from the pool of stimuli for each subject and counterbalanced for
tempo and timbre. This training had the purpose to familiarize the subjects with the
task and the musical rhythms, as well as the range of tempos. It has been suggested
that the effects of brain stimulation depend on the initial state of the stimulated
region (Siebner et al., 2004) and may be influenced by psychophysiological ma-
nipulations such as priming (Silvanto et al., 2008). When the level of excitation is
high, a subsequent period of low frequency rTMS leads to a lasting reduction in
excitability (Siebner et al., 2004). Therefore, this training also served to potentially
enhance activity in the respective network involved in tempo preference and tempo
recognition prior to the application of inhibitory rTMS.
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Figure 7.2.: TMS session procedure. Offline 0.9 Hz rTMS was performed over
the left ventral premotor cortex (PMv) and over a control region (left
temporo-occipital cortex/angular gyrus (AG)) in two separate sessions
with an interval of one week. Each stimulation protocol was followed
by a 21.6 minute long experimental session that started within the first
minute after stimulation. To capture a possible recovery of tempo pref-
erence strength after rTMS, the experiment consisted of two sub-blocks
(10.8 minutes each).
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The subjects remained in the armchair after rTMS and were instructed not to talk
during or after rTMS to minimize the interference of movement and speech with
the hypothesized effect of the stimulation. The experiment started within the first
minute after the administration of rTMS.
7.2.4. Site Localization
Stimulation targets were chosen on the basis of Experiment 1 conducted with a dif-
ferent group of subjects. The PMv site was defined by the peak voxel activated in
the left lateral premotor cortex for musical rhythms judged as beautiful and for mu-
sical rhythms with a preferred tempo (overlap of the contrasts beautiful versus not
beautiful rhythms and preferred versus not preferred tempo in the aesthetic judg-
ment condition; Talairach coordinate: -50 4 12; cf. Fig. 7.2A, upper part). The
control site (AG) was defined by the peak voxel activated in the left inferior parietal
cortex for rest against all conditions involving musical rhythms (Talairach coordi-
nate: -44 -68 30; cf. Fig. 2A, lower part). The distance of the TMS coil to the
left ear was approximately the same for the two target sites, ensuring a comparable
amount of exposure to the TMS noise prior to the experiment. None of the subjects
reported a difference between the sessions with regard to TMS noise intensity.
An individual high resolution T1-image (3D MDEFT, data matrix: 256 x 256
x 128) was acquired for each subject during a preceding scanning session. This
3D data set was transformed to Talairach stereotactic space (Talairach & Tournoux,
1988). The respective contrast images from Experiment 1 were overlaid on each
transformed individual 3D data set. The peak voxels were marked by crosshairs on
the axial, coronal and sagittal planes, respectively. Subsequently, the stimulation
targets were set manually on the T1-image according to the individual anatomical
landmarks surrounding the crosshairs on the transformed 3D data set.
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7.2.5. TMS stimulation
Stereotaxic frameless neuronavigation was obtained by the eXimia NBS system
Version 2.1.1 (Nexstim, Helsinki, Finland). Coil tilting was tangential to the skull
and current direction was perpendicular to the central sulcus. Online neuronaviga-
tion was used to maintain the targeted tilting and direction of the TMS coil across
stimulation.
TMS was applied with a biphasic Nexstim Eximia TMS with a figure-of-eight-
coil (diameter: 50 mm). Motor threshold was determined at each session prior
to rTMS in the right first dorsal interosseus muscle. Electromyographic (EMG)
signals were recorded by surface electrodes placed in a belly-tendon montage over
the target muscle. The EMG signal was amplified, filtered with a 0.5 Hz high pass
filter and digitized using a PowerLab 26 T Myograph and the ”Scope” software
package Version 3 (ADInstruments Ltd, Dunedin, New Zealand). The resting motor
threshold (RMT) was assessed by means of the maximum likelihood method as
suggested by Awiszus (2003; TMS Motor Threshold Assessment Tool (MTAT) 2.0,
Awiszus, F . and Borckardt, J.J., Brain Stimulation Laboratory, Medical University
of South Carolina, USA, www.clinicalresearcher.org/software.htm, which has been
suggested to be more accurate with the same number of stimuli (Awiszus, 2003;
Awiszus et al., 1999; Mishory et al., 2004) in comparison to techniques proposed
by Rossini et al. (1994), Rothwell et al. (1999) or Mills & Nithi (1997). Peak-to-
peak amplitudes exceeding 50µV were regarded as motor evoked potentials.
Stimulation intensity was 90% of RMT, with a mean stimulation intensity of
37.8% (1.7% SE) of maximum stimulator output in the PMv and 39.0% (1.7% SE)
in the AG session, the difference between the sessions being not significant (t =
-0.977; p = .344, paired t-test). There was a significant correlation between the
RMT in the two sessions (r = 0.74; p ¡ .01). For each of the sites stimulated, 900
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pulses were applied at a frequency of 0.9 Hz (train duration 16.5 min). A stimula-
tion frequency slightly below the standard 1 Hz stimulation was chosen to exclude
potential interference of rTMS noise with the 2 Hz beat rate of the musical rhythms
in the subsequent experiment (cf. Stimuli and Tasks).
7.2.6. Side effects of TMS
All 16 subjects reported muscular twitches in the left part of the face during the
offline administration of rTMS over the left PMv. In contrast, only six subjects re-
ported muscular twitches in the left part of the face during the offline administration
of rTMS over the AG. At the end of the session with rTMS over the left PMv, one
subject reported on a scale of 0 (”no”) to 10 (”worst possible”) a mild headache
(2) and another subject reported a mild neck pain (1) in combination with a light
nausea (1). At the end of the session with the administration of rTMS over the left
AG two subjects reported a minor headache (3) in combination with a neck pain (2
and 5) and another subject reported light nausea (1). Prior to the session, the exper-
imenter explicitly pointed out to each subject that they were free to terminate the
stimulation or the experiment anytime as desired. However, no subjects terminated
or paused the stimulation or the experiment, indicating that the above side-effects
were not experienced as very pronounced. No other side-effects were reported by
the subjects.
7.2.7. Behavioral analysis
For each individual participant, a linear mathematical model (individual case
model) of judgment strategy was computed to examine the influence of the stim-
ulus properties tempo and timbre on aesthetic judgments (Brehmer & Joyce, 1988;
Cooksey, 1996; Jacobsen, 2004; Jacobsen et al., 2006; Kornysheva et al., 2010).
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To this end, multiple regressions were computed using the enter method, includ-
ing tempo (slow = ”1”, middle = ”2”, fast = ”3”) and timbre (”wooden” = ”1”,
”metallic” = ”2”) as potential predictors of individual performance in the aesthetic
judgment condition (AJ) of each session and sub-block irrespective of the signifi-
cance of their contribution. The latter one, being nominal, was assigned ”dummy”
variables. The other three properties of the musical rhythms - measure or beat
grouping, beat subdivision and rhythmic figure - were not included in the analysis.
Note however, that the inclusion or exclusion of these properties as predictors in
the regression (enter method) does not influence the results due to the orthogonality
of all stimulus properties. This way, full models were computed to obtain the beta
weights for the two predictors. These beta weights provided information on the
mere tendency of every subject to prefer rhythms with slow (negative beta weights)
or fast (positive beta weights) tempo, as well as rhythms with the timbre ”wooden”
(negative beta weights) or ”metallic” (positive beta weights). The absolute value of
beta weights for each session, as well as for each sub-block after rTMS was taken
to reflect the strength of this preference (Kornysheva et al., 2010). For example,
a subject would be given a high beta weight for tempo whenever the number of
positive aesthetic judgments of rhythms with slow tempo exceeded the number of
positive aesthetic judgments of rhythms with middle tempo, and the latter, in turn,
exceeded the number of positive aesthetic judgments of rhythms with fast tempo, or
the opposite direction. In contrast, the subjects gained a low beta weight, whenever
the number of positive aesthetic judgments of rhythms with slow, middle and fast
tempo was approximately equal.
The effect of inhibitory stimulation on tempo preference strength was evaluated
by taking individual preference strength into account. Individual tempo preference
strength was treated as a continuous variable, since inhibitory stimulation of the
PMv should have a more pronounced effect on subjects with stronger preference,
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i.e. subjects who have been shown to have a greater PMv activity boost during
rhythms with preferred tempo than subjects with no or weak tempo preference (Fig.
A.2C). The following correlation analyses were computed using standard Pearson’s
correlation coefficient and significance to probe whether the effect of rTMS over
the PMv (i) positively correlates with the individual tempo preference strength in
the control session and (ii) whether this effect is transient, i.e. temporally bound to
rTMS stimulation. To control for the functional specificity of this effect, the same
analyses were performed for timbre preference (control variable), as well. Correla-
tions between preference strength in the control session (beta weight following AG
stimulation) and the behavioral effect of rTMS over the PMv (beta weight follow-
ing AG stimulation minus beta weight following PMv stimulation) were computed.
The behavioral effect of inhibitory PMv stimulation was analyzed for each of the
two sub-blocks of 10.8 minutes following PMv stimulation.
Additionally, correlations between the preference strength for tempo in each sub-
block of the the PMv and control sessions were computed. These correlations were
used to investigate whether the stability of tempo preference strength within and
across sessions is transiently impaired by PMv stimulation. As in the analyses
above, the same correlations were also performed for timbre preference in order to
evaluate the functional specificity of this effect. One-tailed correlations were used
for experimental and control variables, since the hypotheses were unidirectional.
Individual tempo recognition during the tempo judgment condition (TJ) was
computed for each session, as well as for each sub-block after rTMS, respectively.
The performance was measured by the probability to recognize musical rhythms
with a fast beat rate - the probability of recognition P(r) (Snodgrass & Corwin,
1988). The P(r) was defined as P(r) = HITS - FALSE ALARMS = (number of
fast rhythms judged as ”fast” / number of fast rhythms) - (number of slow rhythms
judged as ”fast” / number of slow rhythms).
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A linear regression with the effect of PMv stimulation on tempo preference
strength (beta weight for tempo following AG stimulation minus beta weight for
tempo following PMv stimulation) as dependent and the effect on tempo recogni-
tion as independent variable (P(r) following AG stimulation minus P(r) following
PMv stimulation) was computed. This was done in order to test whether the hy-
pothesized effect on tempo preference strength could be explained by a disruption
of tempo recognition.
Finally, reaction times and response distribution in the aesthetic and tempo judg-
ment tasks were analyzed to control for possible confounds of rTMS over the PMv
on attention, motor output and judgment bias.
7.3. Results
Preference strength for beat rate (tempo) and timbre
As expected on the basis of previous findings (Kornysheva et al. (2010), Fig. A.2C),
the judgment analysis revealed that subjects differed with regard to the strength
of their tempo preference, i.e., to how strongly tempo influenced their judgments,
with absolute beta weights ranging from 0.05 (no tempo preference) to 0.64 (strong
tempo preference) in the control session (rTMS over the left AG). The beta weight
for tempo did not reach significance in three out of sixteen subjects (beta weights
ranging from 0.05 to 0.16). The reduction of tempo preference after PMv stimu-
lation was driven by subjects with strong tempo preference in the control session
(after AG stimulation; baseline). The higher the subject’s individual tempo prefer-
ence strength in the control session, the more tempo preference strength was im-
paired after PMv stimulation (r = .473*; p = .03). This effect of PMv stimulation
was transient, i.e. temporally bound to the first sub-block (first 10.8 minutes) after
PMv stimulation: Tempo preference strength in the control session (baseline) and
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Figure 7.3.: Influence of left PMv stimulation on tempo preference strength. The
effect of inhibitory PMv stimulation on beat rate preference strength
(rTMS over the left PMv minus rTMS over the control site) covaried
positively with the baseline beat rate preference strength. A significant
correlation occurred only in the first sub-block following rTMS over the
left PMv. No significant correlation was observed for tone color. PS =
preference strength.
the effect of PMv stimulation on tempo preference strength correlated significantly
in the first (r = .512*; p = .02), as opposed to the second sub-block following PMv
stimulation (r = .354; p = .09) (Fig. 7.3, left part), consistent with an effect that
wears off over time (Allen et al., 2007; O’Shea et al., 2007).
Serving as a control, the effect of PMv stimulation on preference strength for
timbre was evaluated. As with regard to tempo preference, subjects differed in their
preference strength for timbre, i.e. to how strongly timbre influenced their judg-
ments. Beta weights ranged from 0.02 (no timbre preference) to 0.77 (strong timbre
preference) in the control session. The beta weight for timbre did not reach signif-
icance in six out of sixteen subjects (beta weights ranging from 0.02 to 0.13). In
contrast to the effect on tempo preference strength, a correlation analysis revealed
that the effect of PMv stimulation on preference strength for timbre did not signif-
icantly increase depending on the individual preference strength for timbre in the
control session, neither in the first sub-block (r = .307; p = .12), nor in the second
sub-block (r = .265; p = .16) following PMv stimulation (Fig. 7.3, right part).
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In line with the above results, the stability of individual preference strength within
and across the PMv and AG sessions was selectively impaired for tempo preference
strength in the first, but not the second sub-block following PMv stimulation: While
timbre preference strength remained stable within and across sessions the stability
of tempo preference strength was affected in the first sub-block following PMv
stimulation (Table 7.1).
Table 7.1.: Stability of preference strength for beat rate and timbre (control vari-
able) within and across sessions. Correlation matrix shows Pearson’s
correlation coefficients and significance values (in parentheses). Signif-
icant coefficients are in bold font. The stability of beat rate preference
strength within and across sessions was selectively impaired in the first
sub-block following inhibitory PMv stimulation. Preference strength for
timbre remained stable within and across sessions.
Beat rate preference strength
PMv AG
sub-block 1st 2nd 1st 2nd
PMv 1st
2nd .398
(.06)
AG 1st .302 .546*
(.13) (.01)
2nd .389 .693** .699**
(.07) (.00) (.00)
Timbre preference strength
PMv AG
sub-block 1st 2nd 1st 2nd
PMv 1st
2nd .783**
(.00)
AG 1st .644** .568*
(.00) (.01)
2nd .563* .488* .654**
(.01) (.03) (.00)
This pattern of effects confirms that tempo preference suppression was transient
and thus related to inhibitory PMv stimulation. Note, that the session order was
counterbalanced across subjects. Accordingly, the observed effects of rTMS over
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the left PMv on tempo preference could not be related to whether the PMv stimula-
tion was administered on the first or the second session.
Beat rate recognition
Importantly, the disrupting effect on tempo preference in the first sub-block after
stimulation could not be explained by an impairment of basic temporal perception:
In a linear regression analysis, the effect of PMv stimulation on tempo recogni-
tion (1st sub-block) did not significantly predict the effect of PMv stimulation on
individual tempo preference strength (1st sub-block) (R = .103; p = .71).
Reaction time
One subject had to be excluded from reaction time (RT) analysis, since the latency
of one button was not recorded in the AG session. Mean response times and stan-
dard errors (in parentheses) in the AG session were as follows: beautiful (aesthetic
judgment (AJ) ”yes”) 2016 ms (78 ms); and not beautiful (AJ ”no”) 1853 ms (87
ms); fast (tempo judgment (TJ) ”yes”) 1513 ms (78 ms); and slow (TJ ”no”) 1678
ms (81 ms). Mean response times in the PMv session were as follows: beautiful
(AJ ”yes”) 2076 ms (88 ms); and not beautiful (AJ ”no”) 1848 ms (92 ms); fast
(TJ ”yes”) 1525 ms (77 ms); and slow (TJ ”no”) 1677 ms (84 ms). A repeated-
measures ANOVA over the judgment latencies with the factors ROI (PMv/AG),
TASK (AJ/TJ), and TEMPO (slow/middle/fast) revealed a main effect of TASK
(F(1,14) = 28,427, p< .001) due to longer RTs in AJ trials, a main effect of TEMPO
(F(1,14) = 25,847, p < .001) due to longer RTs in trials with slow tempo. No-
tably, there was no main effect of ROI on reaction times (F(1,14) = 0,031, p = .86),
suggesting that attention and motor output was comparable during measurements
following PMv and AG stimulation.
Response distribution
Aesthetic judgment (AJ) showed 0.2% and tempo judgment (TJ) 0.1% non-
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responses. In the AG session, 45.4% of the stimuli under the aesthetic judgment
task were judged as beautiful, 54.1% as not beautiful. In the PMv session, 42.5%
of the stimuli under the aesthetic judgment task were judged as beautiful, 57.3% as
not beautiful.
In the AG session, 53.5% of the stimuli under the tempo judgment task were judged
as fast, 46.4% as not fast. In the PMv session, 50.5% of the stimuli under the tempo
judgment task were judged as fast, 49.5% as not fast. There was neither a main ef-
fect nor an interaction with the factor ROI in a repeated-measures ANOVA over the
percentage of judgments with the factors ROI (PMv/AG), TASK (AJ/TJ) and AN-
SWER (”yes”/”no”). There was a significant interaction of TASK and ANSWER
due to the reduced fraction of answers ”yes”, i.e. ”beautiful” in the AJ task com-
pared to the fraction of answers ”yes”, i.e. ”fast” in the TJ task (F(1,15) = 4,955, p
< .05).
7.4. Discussion
Experiment 2 was conducted to determine whether the preference strength for a
musical beat rate (tempo) would be affected after inhibitory stimulation of the left
ventral premotor cortex (PMv). 0.9 Hz repetitive magnetic stimulation (rTMS) was
used to temporarily reduce cortical excitability in the left PMv and measured the
strength of the subjects’ individual tempo preference in the first 21.5 minutes af-
ter stimulation. To control for the regional and functional specificity of rTMS, the
baseline measurement was performed after stimulation over angular gyrus (AG) as
a control site. Moreover, the preference strength for timbre and the overall tempo
recognition were measured throughout the experiment. As hypothesized, rTMS
over the left PMv compared to rTMS over the control site temporarily reduced the
strength of individual tempo preference depending on how pronounced the tempo
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preference was in the control session. The disrupting effect of inhibitory left PMv
stimulation correlated positively with the individual tempo preference strength in
the baseline session, and wore off in the second part of the experiment following
PMv stimulation. Likewise, the stability of tempo preference across the two ses-
sions was impaired in the first sub-block after inhibitory PMv stimulation. Most
importantly, both effects of rTMS over the left PMv were specific to the preference
strength for tempo, whereas the preference strength for timbre, figuring as a control
variable, was not affected. Finally, the effect on tempo preference strength was not
related to a degradation of tempo perception itself.
Results suggest that a virtual lesion of the left PMv specifically interferes with the
preference for beat rate as opposed to the preference for timbre, a timing-unrelated
property of the musical rhythms employed here. These findings crucially extend the
preceding fMRI results (Kornysheva et al., 2010) by showing that left PMv activity
is affecting musical beat rate (tempo) preference.
It has been suggested that preference for a beat rate may be closely related to
body movement. The tempo range of musical beat perception around 300-900 ms
inter-onset-interval is similar to that of locomotion and other rhythmic movements
(Fraisse, 1982; Moelants, 2003; Trainor, 2007). Accordingly, anthropomorphic fea-
tures that affect locomotion factors were shown to be correlated with the preferred
beat rate (Todd et al., 2007). In particular, the vestibular system, that is stimulated
by head movement, has been suggested to be important with respect to beat prefer-
ence: in both infants and adults active or passive movement (bouncing) compared
to movement observation while listening to an ambiguous rhythm pattern has been
shown to bias the perception of the ambiguous rhythm (Phillips-Silver & Trainor,
2005, 2007). Moreover, in adults passive motion of the head alone affected auditory
encoding, whereas passive motion of legs did not (Phillips-Silver & Trainor, 2008).
Evidence has been provided that a putatively homologous region of the human PMv
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in the macaque monkey sends direct cortico-fugal projections to the vestibular nu-
clei (Akbarian et al., 1993, 1994). At the same time, in humans, vestibular input has
been shown to enhance BOLD-activity in ventral premotor regions (Lobel et al.,
1998).
Additionally, the anatomical position of PMv renders this area a node for
auditory-motor integration: According to current accounts, auditory information
is transferred to premotor areas via the superior longitudinal and the arcuate fas-
ciculus (AF), which connect the superior temporal and the inferior parietal lobe
with the lateral precentral gyrus (Bernal & Ardila, 2009; Rilling et al., 2008; Saur
et al., 2008) - the so-called dorsal auditory stream (Hickok & Poeppel, 2004, 2007;
Rauschecker & Tian, 2000). A recent cortico-cortical evoked potential study has
found that AF transmits information bidirectionally, i.e. also from precentral back
to temporal and parietal regions (Matsumoto et al., 2004). These results challenge
the traditional notion of a mono-directional posterior (auditory) to anterior (motor)
flow of information of the AF (Geschwind, 1970), but advocate the notion that mo-
tor information is important for perception, as pointed out with respect to language
(Liberman et al., 1967; Liberman & Whalen, 2000). Moreover, they are in line with
findings demonstrating the influence of the motor on the sensory system by means
of a corollary discharge or efference copy (Sperry, 1950; von Holst & Mittelstaedt,
1950), such as from the motor to the auditory systems in humans (Paus et al., 1996)
and insect models (Poulet & Hedwig, 2006), as well as from motor to tactile (Blake-
more et al., 2000, 1998) and from motor to visual systems (Wurtz, 2008). At the
same time, the left PMv sends direct corticospinal outputs and projects to left pri-
mary motor cortex (Dum & Strick, 1991, 2002), as well as to its right homologue,
the right PMv (Dancause et al., 2007).
In line with these anatomical findings, the PMv has been shown to be relevant for
sensorimotor integration of auditory beat cues. Imaging studies revealed enhanced
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activation in PMv during the synchronization of finger tapping to an auditory beat
(Jancke et al., 2000; Rao et al., 1997; Thaut, 2003). In contrast to the supplemen-
tary motor area (SMA), the PMv is specifically involved in the presence of exter-
nally cued beat. Studies, in which the underlying beat has to be internally generated
on the basis of an auditory rhythmic structure (beat induction) have reported en-
hanced activation of the SMA and the putamen (Grahn, 2009; Grahn & Brett, 2007;
Grahn & Rowe, 2009). Accordingly, in a recent study, Grahn & Brett (2009) has
demonstrated that internal beat generation is impaired in Parkinson’s disease (PD)
patients compared to controls. Moreover, a therapeutic effect of synchronization to
an externally cued beat on gait and speech has been reported in patients with PD,
suggesting that the lateral premotor cortex compensates the functional impairment
of the basal ganglia-SMA loop during voluntary movement (McIntosh et al., 1997;
Thaut et al., 1999, 2001; Willems et al., 2007). Malcolm et al. (2008) examined the
influence of 0.9 Hz rTMS over the PMv on the synchronization of finger tapping to
a 2 Hz auditory beat. However, despite the increase in synchronization error after
the stimulation of the PMv, this effect was not significant. Future studies should
evaluate whether the absence of a significant effect with regard to synchronization
is due to an effective compensation of PMv dysfunction by interconnected areas.
Moreover, recent structural and functional neuroimaging, as well as TMS studies,
highlighted the importance of PMv in audiomotor integration of speech. It has been
shown that adolescent and adult subjects with stuttering show a lower fractional
anisotropy of white matter tracts underlying the PMv compared to healthy controls
(Watkins et al., 2008). People with stuttering usually have expertise in using ex-
ternal timing cues like the pace of a metronome, other readers’ speech in chorus
reading, or altered auditory feedback to produce fluent speech (Alm, 2004; Buchel
& Sommer, 2004). It has been suggested that in the presence of external timing
cues the lateral premotor cortex and the cerebellum compensate for the dysfunc-
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tional basal ganglia-SMA loop, which fails to generate or appropriately transmit
valid internal timing cues for movement and speech in people with stuttering, simi-
lar to PD patients (Alm, 2004). Thus, the reported structural abnormalities of white
matter tracts underlying the lateral ventral premotor area may partly arise due to an
altered gyrification of frontal and temporo-parietal areas in subjects with stuttering
(Foundas et al., 2001). Apart from speech production, the PMv has been demon-
strated to contribute to speech perception as well. Meister et al. (2007) found that
low-frequency rTMS over the left PMv significantly impaired phonetic discrimina-
tion.
Can the involvement of the premotor cortex in the strength of beat rate preference
be linked to the common urge to spontaneously tune in to a musical beat by toe tap-
ping, swinging of the upper body, head nodding or humming? When considering
the anatomical position of PMv and its function in auditory-motor integration, it is
likely that auditory and vestibular input during repetitive movements around 2 Hz
shape PMv connectivity, e.g. during walking, or motor synchronization to a musi-
cal beat. This connectivity in turn should determine the extent to which auditory
rhythms with a particular beat rate cause activity in the PMv and thus the strength
of beat rate preference. If PMv activity increase during rhythms with a preferred
beat rate modulates activity in primary motor regions, it may be conceived to also
drive the urge to tune-in to a musical beat by head nodding, toe tapping, humming
etc. Alternatively, PMv activity influencing beat rate preference strength may re-
flect a perceptual phenomenon that does not affect auditory cued motor output. To
address this question, future studies should probe the contribution of PMv activity
on (effector-independent) synchronization to an auditory beat. Likewise, it is still
an open question whether PMv activity during rhythms with a preferred beat rate is
involved in a better prediction and / or an enhanced motor imagery of movements
to the beat.
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The current results indicate that the interference with tempo preference after
rTMS over the left PMv could not be explained by an impairment of a more ba-
sic perceptual capacity of beat rate recognition, since the latter remained unaffected
by rTMS. Although preceding fMRI findings implied that tempo preference and
recognition drew on overlapping neural resources (Experiment 1), the current re-
sults suggest that beat rate recognition is subserved by a degenerate set of areas.
TMS- or stroke-induced impairment of premotor and motor cortices automatically
causes increased activity in the unaffected contralateral hemisphere, which in turn
inhibits the affected hemisphere (Ferbert et al., 1992; Grefkes et al., 2008). Thus,
it is possible that activity in the right PMv increased in response to TMS stimula-
tion over the left PMv and successfully compensated for the disruption of left PMv
activity during the tempo recognition task. This suggests that intact activity in the
left PMv is not necessary for the tempo task. In contrast, the influence of tempo
on the aesthetic judgments decreased after inhibitory stimulation of the left PMv.
If an activity increase in the contralateral right PMv occurred, it still did not effec-
tively compensate for this dysfunction. On the other hand, this dissociation may be
driven by different task affordances with regard to the beat rate of musical rhythms.
In the tempo in contrast to the aesthetic judgment condition, beat rate served as
a primary cue. Tempo judgment relies on sensorimotor simulation of the external
beat, whereas aesthetic judgment does not. Thus, it is conceivable that a disruption
of PMv activity selectively engaged compensatory mechanisms during the tempo,
but not during the aesthetic judgment task. Future studies should evaluate whether
tempo preference is driven by a lateralized premotor component.
The disrupting effect of inhibitory left PMv stimulation on tempo preference
strength was positively correlated with individual tempo preference strength in the
control session. This result is in line with the previous finding which demonstrated
that left PMv activity boost during preferred tempo correlates with individual tempo
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preference strength (Fig. A.2C). Subjects with a stronger activity increase in the
left PMv during preferred tempo exhibited a more pronounced tempo preference.
Thus, an interference with activity increase in this region by low-frequency rTMS
produced an effect that co-varied positively with the subjects’ baseline preference
strength. Reducing cortical excitability in the left PMv by low-frequency rTMS
demonstrated a stronger effect on these subjects.
The objective of Experiment 2 was to test whether the left PMv activity affects
tempo preference. Yet, it is feasible that other interconnected brain regions are
equally critical for tempo preference. Since a TMS pulse can spread to connected
sites, conditioning effects of rTMS may not be limited to the stimulated cortex, but
give rise to functional changes in interconnected cortical areas (Lee et al., 2003;
Paus et al., 1997), even when a stimulation intensity is below the individual motor
threshold. Thus, it cannot be ruled out that rTMS over the left PMv additionally af-
fected activity in interconnected cortical and subcortical regions. Future studies, in
particular those that involve offline, as well as concurrent TMS and neuroimaging,
should therefore dissociate the critical contribution of areas interconnected with the
left PMv to tempo preference and, moreover, address the interaction between these
areas during rhythm with individually preferred and not preferred tempo.
In conclusion, the results substantiate the influence of the left PMv on tempo
preference and corroborate the preceding fMRI results. On the basis of current
and prior behavioral, anatomical and neuroimaging findings, future studies should
address whether activity increase in a subset of neurons of the ventral premotor
cortex, a node of audiomotor integration, influences the urge to move or hum to a
musical beat.

8. Experiment 3. H5-H7. Causal
contribution of the PMv to
auditory-motor synchronization
and short-term reorganization
after its disruption
(rTMS-fMRI)
8.1. Introduction
An important research goal in basic and clinical neuroscience is to understand
recovery of cognitive function. While some progress has been made in uncov-
ering mechanisms of functional reorganization of motor, visuo-motor and partly
speech recovery, compensatory mechanisms during auditory-motor integration re-
main largely unknown. Yet, the ability to accurately time movements on the basis
of auditory input is essential in a variety of domains and situations, such as speech,
singing and synchronizing to music, but also in environments with missing or only
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scarce visual information.
As a part of the dorsal auditory stream, the ventral premotor/frontal opercular
region (PMv) has been shown to be a node for auditory-motor integration, specif-
ically with regard to sequential auditory patterns like speech or music (Hickok &
Poeppel, 2007; Zatorre et al., 2007; Rauschecker & Scott, 2009), in which timing
is essential. Both its anatomical position and its functional properties suggest that
this region may play a critical role in auditory-motor timing: The inferior portion
of the PMv and the adjacent frontal operculum are reciprocally connected to audi-
tory areas in the superior temporal gyrus via the arcuate fasciculus (AF) (Catani &
Mesulam, 2008; Schubotz et al., 2010). Humans are known to have an enhanced
AF compared to other primate species (Rilling et al., 2008) - a finding that strongly
corresponds to the notion that humans are the only primate species exhibiting vocal
learning and speech (Bernal & Ardila, 2009). In primates, the PMv has been shown
to possess direct corticospinal outputs and project to the primary motor cortex via
association fibres (Dum & Strick, 1991, 2002), as well as to its homologue, the
contralateral PMv (Dancause et al., 2007).
The PMv has been proposed to provide a common platform for timing, both per-
ceived and produced (Schubotz, 2007). The former is substantiated by neuroimag-
ing studies involving sub-seconds temporal estimation (Coull et al., 2008; O’Reilly
et al., 2008) and rhythmic sequence prediction tasks (Schubotz et al., 2000, 2003;
Schubotz & von Cramon, 2001b; Wolfensteller et al., 2007; Chen et al., 2008);
the latter by auditory-motor synchronization (Rao et al., 1997; Jancke et al., 2000;
Thaut, 2003; Chen et al., 2009) and vocal imagery tasks (Wolfensteller et al., 2007;
Riecker et al., 2000; Kleber et al., 2007). Accordingly, the PMv has been suggested
to be a part of a network that enables sensorimotor feed-forward prediction of both
self-generated (re-afferent), as well as externally-generated (ex-afferent) events in
the sub-seconds range (Schubotz, 2007). However, other areas such as the PMd and
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the cerebellum have been associated with the above tasks (Chen et al., 2006; Olmo
et al., 2007), as well, and the critical contribution of the PMv in auditory-motor
timing is still under discussion (Zatorre et al., 2007).
In addition to the role of PMv in auditory-motor timing it remains unclear which
degenerate set of brain areas may help to preserve auditory-motor timing perfor-
mance following its disruption. Evidence from stroke and repetitive transcranial
magnetic stimulation (rTMS) suggests that interhemispheric compensation may
play an important role in motor, visuo-motor and speech recovery. However, this
evidence is contradictive. Some studies report compensatory plasticity in the non-
dominant hemisphere, when it comes to motor (Chollet et al., 1991), visuo-motor
(O’Shea et al., 2007) and speech functions (Kell et al., 2009). Other, however,
demonstrate that the contralesional hemisphere does not support behavioral com-
pensation, and can even be maladaptive (Liepert et al., 2007; Grefkes et al., 2008;
Nowak et al., 2008).
In Experiment 3, rTMS was combined with subsequent fMRI to examine the
critical role of the left PMv in auditory-motor timing and investigate mechanisms
of compensatory short-term functional reorganization that can reduce a negative be-
havioral effect of PMv interference. We hypothesized that rTMS over the left PMv
(i) disrupts the accuracy of auditory-motor timing, (ii) triggers task-specific activity
increase in the homologous right PMv, and that (iii) the latter effect is compensatory
the higher the activity increase, the smaller the effect of left PMv stimulation across
subjects.
Subjects had to synchronize left and right index finger tapping to the variable
beat rate of auditory rhythms following rTMS over PMv as opposed to no rTMS.
In accordance with (Repp, 2005), variation of tap-to-beat asynchrony, was taken as
a measure of auditory-motor timing accuracy. To ensure that the behavioral change
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is not just an unspecific effect of rTMS, subjects also participated in a control ses-
sion with rTMS over the left angular gyrus/parieto-occipital lobe (AG). To probe
the functional specificity of rTMS, we assessed motor timing variability in a con-
trol task, in which subjects produced self-paced tapping to spectrally matched audi-
tory stimuli, and evaluated measures related to motor output, overall auditory-motor
coupling and attention to the task.
8.2. Methods
8.2.1. Subjects
Sixteen healthy volunteers (mean age 24.8, range 22-29 years, eight females)
participated in the study. All subjects were right-handed according to the
Edinburgh Inventory of Manual Preference (Oldfield, 1971). None of them
were professional musicians. Their rhythm perception ability ranged from
23 to 30 (mean: 26.9; SE: 0.55) on a scale of 30 (online version of the
rhythm test from the Montreal Battery of Evaluation of Amusia (MBEA),
http://www.delosis.com/listening/home.html). Therefore, all subjects were within
two standard deviations of the population mean (Peretz et al. (2003), cf. MBEA
norms update 2008, http://www.brams.umontreal.ca/plab/publications/article/57).
All subjects were naı¨ve concerning the hypothesis of this study. However, 6 of
16 participants encountered the stimulus material for the second time, previously
participating in a perceptual rhythm judgment experiment (Kornysheva et al., in
press) or a perceptual rhythm judgment pilot. None of the subjects had any history
of medical or psychiatric disease or contraindication to TMS (Wassermann, 1998;
Rossi et al., 2009). All subjects gave informed written consent to participate in this
study. Experiments were approved by the Ethics Committee of the Medical Faculty,
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University of Cologne, Germany.
8.2.2. Stimuli and Tasks
In the experimental condition, participants were presented with auditory musical
rhythms consisting of drum sounds that were generated with the Microsoft Software
Wavetable Synthesizer (GM drum map). Each auditory rhythm had five properties
beat rate, measure (beat grouping), beat subdivision, rhythmic figure, and timbre
that varied orthogonally on two or three levels, respectively (Fig. 8.1A).
These stimuli had been previously used and described in more detail in pre-
ceding studies (Kornysheva et al., 2010, in press). Beat rate, the external cue for
finger tapping, was varied on three levels: slow (1.7 Hz / 100 beats per minute,
BPM), middle (2.0 Hz / 120 BPM) and fast (2.5 Hz / 150 BPM). In combination
with the other four counterbalanced properties of the musical rhythms (beat sub-
division, beat grouping, rhythmic figure, timbre), there was a pool of 216 possi-
ble permutations. Each rhythm was encountered only once per session. Note that
the factors beat grouping, beat subdivision, rhythmic figure and timbre were coun-
terbalanced across beat rates, which means that they had no systematic effect on
auditory-motor synchronization accuracy measured across beat rates. An important
advantage of these types of stimuli is that in comparison to most studies that use
isochronous metronome clicks for auditory-motor synchronization tasks, the cur-
rent stimuli more closely resemble musical rhythms, and thus can be regarded as
more ecologically valid cues for auditory-motor synchronization, while at the same
time being experimentally controlled. Subjects had two tasks: a synchronization
condition (SC) and a control condition (CC). In the SC they were instructed to tap
to the respective periodic beat of the musical rhythm with the right or the left index
finger according to the preceding cue (sinusoidal tone of either 400 or 1200 Hz,
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Figure 8.1.: Stimulus material and trial structure. A: The auditory stimulus was de-
termined by the factors beat rate (tempo/inter-onset-interval of beats;
1.7, 2.0 or 2.5 Hz), measure (the grouping of beats), beat subdivision
(elements per beat), rhythmic figure and a factor unrelated to sub-
seconds timing, timbre (spectro-temporal configuration of the sound
stimulus), that varied on two or three levels respectively. Beat rate
(filled circles) served as a cue for auditory-motor synchronization. The
depicted rhythm example possesses a middle tempo with three beats
per measure, three elements per beat and a repetitive rhythmic figure
containing a long, followed by a short interval. B: Each trial started
with an auditory cue (sinusoidal tone of either 400 or 1200 Hz, as-
signment counterbalanced across subjects), indicating whether to tap
with the right or the left index finger, followed by the stimulus and a
pause, which varied depending on the jitter times. In the synchroniza-
tion condition (SC) subjects were instructed to tap to the respective
periodic beat of the musical rhythm with the right or the left index fin-
ger according to the preceding cue. In CC subjects were presented with
scrambled versions of musical rhythms (randomized 10 ms segments
of the respective rhythms). The subjects task was to tap regularly in a
self-paced manner. C: The spectrum of the scrambled rhythms in CC
closely matched that of the rhythms in the SC; cf. trial examples in
Supplementary material.
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assignment counterbalanced across subjects). In the CC they were presented with
scrambled versions of musical rhythms (randomized 10 ms segments of the respec-
tive rhythms), which spectrally closely matched the stimuli in the SC (Fig. 8.1C),
but lacked beat or any other type of a regular temporal organization. The subjects
task was to tap regularly in a self-paced manner, with the right or the left index fin-
ger according to the cue at the beginning of the trial. On the behavioral level, the CC
served to evaluate motor timing, as opposed to auditory-motor timing. On the fMRI
level, the CC served to subtract out spectral acoustic input, as well as motor output,
hence allowing to isolate activation related to auditory-motor timing by comparison
between SC and CC. Cues for left and right finger tapping were equally distributed
across SC and CC trials.
Each trial (10 s) started with an auditory cue (1 s), indicating whether to tap with
the right or the left index finger, followed by the stimulus (6 s) and a pause, the
length of which was variable (0.5-3.5 s) depending on the jitter times (0, 500, 1000,
or 1500 ms; Fig. 8.1B).
Since an inhibitory effect of rTMS usually does not outlast 20-30 minutes after
the end of stimulation (Fitzgerald et al., 2006), the experiment lasted 20 minutes,
during which 120 trials were presented in a pseudorandom fashion: 54 in the SC
and the CC condition, respectively, as well as 12 in the resting condition (RC).
To capture a possible recovery of synchronization accuracy after rTMS during this
time range (O’Shea et al., 2007; Allen et al., 2007) all conditions and levels of
tempo and timbre were equally distributed across each of the four sub-blocks of 5
minutes, respectively. We used 4 different trial randomizations matching the above
criteria.
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8.2.3. Procedure
All sixteen subjects participated in two rTMS-fMRI sessions with rTMS over either
the left PMv or the left AG (rTMS control), respectively. The PMv and AG sessions
were carried out at one-week intervals and their order was counterbalanced across
participants. Each subject practiced the task directly prior to the first rTMS-fMRI
session and practice was refreshed briefly prior to the second session. Each session
started with a training containing example trials (9 trials SC and 9 trials CC), which
were randomly chosen from the pool of stimuli for each subject and counterbal-
anced for tempo. This training had the purpose to familiarize the subjects with the
task and the musical rhythms, as well as the range of tempos.
During each session subjects underwent two fMRI scans, one of which was pre-
ceded by 0.9 Hz rTMS over either the left PMv or the left AG. To exclude a learning
effect, the scan order was counterbalanced across rTMS-sites and participants: In
half of the subjects and sessions, respectively, the fMRI scan following rTMS came
first (Fig. 8.2C). In this case, the second fMRI scan was performed following a 45
minutes interval, during which the subjects stayed in a room adjacent to the MRI
scanner room. The four scans will are referred to as follows: ”PMv TMS” (scan
directly preceded by rTMS over PMv), ”PMv no TMS” (scan not directly preceded
by rTMS over PMv), ”AG TMS” (scan directly preceded by rTMS over AG), ”AG
no TMS” (scan not directly preceded by rTMS over AG).
The fMRI scan following rTMS started 3:34 min (SE 0:07) after the end of PMv
stimulation and 3:16 min (SE 0:03) after the end of AG stimulation. The 18 s
difference between the PMv and AG sessions was significant (t = 2.6; p < .05,
paired t-test). However, since fMRI after PMv stimulation started later than after
AG, a possible effect of PMv stimulation on behavior or BOLD signal cannot be
explained by a temporal proximity and stronger influence of rTMS. During the in-
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Figure 8.2.: Stimulation sites and session procedure. A: Each subject participated
in two rTMS-fMRI sessions separated by one week, in which rTMS was
performed either over the left PMv or the left AG (rTMS control), re-
spectively. The stimulation sites were chosen on the basis of Korny-
sheva et al. (2010). B: In one half of the subjects, each session started
with an fMRI scan not preceded by rTMS (”fMRI no TMS” first), C:
in the other half the fMRI scan following rTMS came first (”fMRI
TMS” first). In the latter case, the second fMRI scan (”no TMS”) was
performed following a 45 minutes interval, during which the subjects
stayed in a room adjacent to the MRI scanner room.
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terval between the end of rTMS and the beginning of the fMRI scan, subjects were
asked to interact with the experimenters as little as possible. They were moved with
a wheelchair to the adjacent MRI scanner room and were only required to get onto
the scanner bed.
8.2.4. Site localization
Stimulation targets (8.2A) were chosen on the basis Experiment 1 that involved the
same auditory rhythms and was conducted with a different group of subjects. The
PMv site was defined by the peak voxel in the left ventral premotor cortex (PMv)
activated during auditory rhythms with preferred beat rate, as well as during a beat
rate (tempo) judgment task (Talairach coordinate: -50 4 12). The control site (AG)
was defined by the peak voxel activated in the left inferior parietal cortex for rest
against all conditions involving musical rhythms (Talairach coordinate: -44 -68 30).
The distance of the TMS coil to the left ear was approximately the same for the two
target sites, ensuring a comparable amount of exposure to the TMS noise prior to
the experiment. None of the subjects reported a difference between the sessions
with regard to TMS noise intensity.
An individual high resolution T1-image (3D MDEFT, data matrix: 256 x 256
x 128) was acquired for each subject during a preceding scanning session. This
3D data set was transformed to Talairach stereotactic space (Talairach & Tournoux,
1988). The respective contrast images from the preceding fMRI study were over-
laid on each transformed individual 3D data set. The peak voxels were marked by
crosshairs on the axial, coronal and sagittal planes, respectively. Subsequently, the
stimulation targets were set manually on the T1-image according to the individual
anatomical landmarks surrounding the crosshairs on the transformed 3D data set.
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8.2.5. TMS stimulation
Stereotaxic frameless neuronavigation was obtained by the eXimia NBS system
Version 2.1.1 (Nexstim, Helsinki, Finland). Coil tilting was tangential to the skull
and current direction was perpendicular to the central sulcus. Online neuronaviga-
tion was used to maintain the targeted tilting and direction of the TMS coil across
stimulation.
TMS was applied with a biphasic Nexstim Eximia TMS with a figure-of-eight-
coil (diameter: 50 mm). Motor threshold was determined at each session prior to
rTMS in the right first dorsal interosseus muscle. Electromyographic (EMG) sig-
nals were recorded by surface electrodes placed in a belly-tendon montage over the
target muscle. The EMG signal was amplified, filtered with a 0.5 Hz high pass
filter and digitized using a PowerLab 26 T Myograph and the ”Scope” software
package Version 3 (ADInstruments Ltd, Dunedin, New Zealand). The resting mo-
tor threshold (RMT) was assessed by means of the maximum likelihood method
as suggested by Awiszus (2003; TMS Motor Threshold Assessment Tool (MTAT)
2.0, Awiszus, F. and Borckardt, J.J., Brain Stimulation Laboratory, Medical Uni-
versity of South Carolina, USA, http://www.clinicalresearcher.org/software.htm),
which has been suggested to be more accurate with the same number of stimuli
(Awiszus, 2003; Awiszus et al., 1999; Mishory et al., 2004) in comparison to tech-
niques proposed by Rossini et al. (1994), Rothwell et al. (1999) or Mills & Nithi
(1997). Peak-to-peak amplitudes exceeding 50µV were regarded as motor evoked
potentials.
Stimulation intensity was 90% of the individual resting motor threshold (RMT),
with a mean stimulation intensity of 33.6% (1.6% SE) of maximum stimulator out-
put in the PMv session and 35.1% (2.1% SE) in the AG session, the difference
between the sessions being not significant (t = -1.5; p = .19, paired-samples t-test).
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There was a significant correlation between the RMT in the two sessions (r = 0.89;
p ¡ .001). For each of the sites stimulated, 900 pulses were applied at a frequency of
0.9 Hz (train duration 16.5 min). A stimulation frequency slightly below the stan-
dard 1 Hz stimulation was chosen to exclude potential interference of rTMS noise
with the 2 Hz beat rate of the musical rhythms in the subsequent experiment (cf.
Stimuli and Tasks).
8.2.6. Behavioral analysis
Coefficient of variation (CV) in the synchronization condition (SC)
In the SC the subjects were instructed to synchronize their taps to the beat of the
presented auditory rhythms. To assess the effect of TMS on auditory-motor timing
variability, the coefficient of variation CV was computed with regard to the tap-to-
beat asynchrony across SC trials. CV of absolute tap-to-beat asynchrony A across
SC trials was defined as follows: CVsc =
ASDsc
AMEANsc
. To make asynchrony comparable
across rhythms with different beat rates, the absolute asynchrony Ai of each tap
onset Ti minus the beat onset Bi was calculated as percent of inter-onset-interval
(IOI) of consecutive beats: Ai =
|Ti−Bi|
IOI ∗100. Average asynchrony A in percent IOI
was calculated for each SC trial. Subsequently, CVsc was determined across trials of
each scan, as well as each sub-block of five minutes as outlined above. Taps within
the boundary of±40% of the respective IOI around the beat onset were considered.
This relatively wide criterion was chosen to account for the hypothesized increase
in variability of asynchrony after rTMS over the left PMv. Only tap asynchronies
relative to the third and following beats in each trial were taken into consideration,
since a minimum of two consecutive beats is necessary to extrapolate the beat rate
of an isochronous cue.
To probe the hypothesis that synchronization accuracy will be impaired, i.e. CVsc
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will increase, after PMv stimulation, a one-tailed paired-samples t-test with ”PMv
TMS” compared to ”PMv no TMS” was performed. The same test was conducted
for ”AG TMS” compared to ”AG no TMS”, to examine the regional specificity
of rTMS. To evaluate time-dependent effects, an ANOVA with the factors TMS
(no tms/ tms) by TIME (1st/ 2nd/ 3rd/ 4th sub-block) was performed for the PMv
session, as well as for the AG session. If significant interactions between TMS and
TIME were present, post-hoc Bonferroni corrected t-tests were computed for CV in
TMS and no TMS scans within each sub-block.
Coefficient of variation (CV) in the control condition (CC)
In the CC the subjects were instructed to produce regular self-paced tapping to
scrambled rhythms. To assess the effect of TMS on motor timing variability, the
CVcc was computed with regard to the tap-to-tap’ asynchrony across CC trials where
tap’ Tii is the expected time at which a tap Ti should occur according to the mean
inter-tap-interval IT Imean during the respective scrambled rhythm. The mean inter-
tap-interval ITImean was calculated as follows: IT Imean = Tn−T3n , where n is the
number of taps occurring in the time between the third tap T3 and the last tap Tn
during the presentation of the scrambled rhythm. The onset Tii of each expected
tap occurring between the third tap T3 and the last tap Tn were calculated as Tii =
T3 + ii ∗ IT Imean. CV of absolute tap-to-tap’ asynchrony A across trials in the CC
was defined as follows: CVcc =
ASDcc
AMEANcc
.
To make tap-to-tap’ asynchrony comparable across CC trials with different regular
self-paced tapping rates, the absolute asynchrony Aii of each actual tap onset of Ti
minus the expected tap onset Tii was calculated as percent of the respective IT Imean:
Aii =
|Ti−Tii|
IT Imean
∗100.
Note that this procedure is analogous to calculation of asynchrony Ai in the syn-
chronization condition (SC) which takes into account the respective inter-onset-
interval (IOI) of consecutive beats. Average asynchrony A in percent IT Imean was
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calculated for each CC trial. Subsequently, CVcc was determined across trials of
each scan minutes as outlined above. Analogous to the CV calculation in the SC
task, the first two taps in each trial were excluded from further analysis. Only taps
within the boundary of ±40% of the respective IT Imean around the expected Tii
onset were considered.
To evaluate a directional effect of PMv rTMS on CV in the control condition
(CC), a one-tailed paired-samples t-test with ”PMv TMS” compared to ”PMv no
TMS” was performed, as in the SC. To examine the regional specificity of a poten-
tial rTMS effect on motor variability in the CC, the same test was conducted for
”AG TMS” compared to ”AG no TMS”.
Tapping rate
Tapping rate was computed to control for differences in motor output between
scans preceded or not preceded by rTMS. It was calculated by considering the over-
all number of taps per stimulus duration (6 sec) and was averaged across trials in
each scan. To examine whether the subjects adjusted their tapping rate to the re-
spective beat rate in the SC task independent of TMS sessions, an ANOVA with the
factors TMS (tms/ no tms) and BEAT RATE (1.7/2.0/2.5 Hz) was performed.
Error rate
SC and CC trials that contained at least one tap executed with an incorrect effec-
tor, i.e. a left finger tap when right finger tapping was cued at trial onset and vice
versa, were used to compute the effector error rate as percent of all trials. As in the
imaging data analysis, these trials were excluded from further statistics.
8.2.7. MRI data acquisition
Imaging was performed at a 3 T scanner (Siemens TRIO, Erlangen, Germany)
equipped with a standard birdcage head coil. Participants were placed on the scan-
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ner bed in a supine position with their right and left index fingers positioned on a
response button of the left and right response box. To prevent postural adjustments,
the participants’ arms and hands were carefully stabilized by supporting form-fitting
cushions. Additional form-fitting cushions were utilized to prevent head and arm
movements. Rhythms were presented over Nordic Neurolab AudioSystem head-
phones with 30dB headset gradient noise attenuation. Further attenuation was
achieved with insert earplugs rated to attenuate scanner noise by approximately
38 dB. Thirty axial slices (210 mm field of view, 64 x 64 pixel matrix, 4 mm thick-
ness; 1 mm spacing, in-plane resolution of 3.28 x 3.28 mm) positioned parallel
to the bicomissural plane (AC-PC) covering the whole brain were acquired using
a single-shot gradient echo-planar imaging (EPI) sequence (TE 30 ms, flip angle
90◦, TR 2000 ms, 156.2 kHz acquisition bandwidth) sensitive to blood oxygenation
level-dependent (BOLD) contrast. In total, 620 functional images were acquired
in each single run. Prior to the functional imaging, 30 two-dimensional anatomical
T1-weighted MDEFT images and 30 T1-weighted EPI images with the same spatial
orientation as the functional data were acquired. The EPI acquisition was continu-
ous to prevent periodic silent gaps between TRs to disrupt the participants encoding
of the rhythms. A slice acquisition frequency of 15 Hz was chosen to ensure the
continuous scanner noise to be well above the fastest frequency of elements of the
rhythmical stimuli beat subdivision (12.5 Hz) to prevent an auditory interaction
between the two sources of rhythmic patterns and ensure that the participants were
able to attend to the stimuli. By conducting a short auditory test with the EPI se-
quence prior to data acquisition the sound level was adjusted for each participant
in such a way that the stimuli could be easily heard over the scanner noise by each
participant at an individually comfortable sound pressure level. When explicitly
asked in a post experimental interview, participants reported no difficulty hearing
the stimuli during the whole course of the measurement or performing any of the
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tasks.
8.2.8. MRI data analysis
Functional data were motion-corrected online with the Siemens motion correction
protocol (Siemens, Erlangen, Germany). Further processing of the fMRI data was
performed using the software package LIPSIA (Lohmann et al., 2001). To correct
for the temporal offset between the slices acquired in one image, a cubic-spline in-
terpolation was employed. Low-frequency signal changes and baseline drifts were
removed using a temporal highpass filter with a cutoff frequency of 1/96 Hz. Spa-
tial smoothing was performed with a Gaussian filter of 5.65 mm FWHM. To align
the functional data slices with a 3D stereotactic coordinate reference system, a rigid
linear registration with six degrees of freedom (3 rotational, 3 translational) was per-
formed. The rotational and translational parameters were acquired on the basis of
the MDEFT (Norris, 2000) and EPI-T1 slices to achieve an optimal match between
these slices and the individual 3D reference data set. This 3D reference data set was
acquired for each subject during a previous scanning session. The MDEFT volume
data set with 160 slices and 1mm slice thickness was standardized to the Talairach
stereotactic space (Talairach & Tournoux, 1988). The rotational and translational
parameters were subsequently transformed by linear scaling to a standard size. The
resulting parameters were then used to transform the functional slices using trilinear
interpolation, so that the resulting functional slices were aligned with the stereotac-
tic coordinate system, thus generating output data with a spatial resolution of 3 x 3
x 3 mm (27 mm3). The statistical evaluation was based on a least-squares estima-
tion using the general linear model for serially autocorrelated observations (Friston,
1994; Friston et al., 1995a,b; Worsley & Friston, 1995). The design matrix was
generated with a synthetic hemodynamic response function (Friston et al., 1998;
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Josephs et al., 1997) and its first derivative modeled at the onset of the stimuli and
at trial onset in the resting condition. Only trials in which all taps were performed
with the correct effector according to cue (right or left hand, respectively) were in-
cluded in the analysis. The number of taps during each stimulus was included as a
regressor of no interest to control for differences between the number of taps in SC
and CC. The model equation, including the observation data, the design matrix and
the error term, was convolved with a Gaussian kernel of dispersion of 4 s FWHM
to deal with the temporal autocorrelation (Worsley & Friston, 1995). In the follow-
ing, contrast-images, i.e. beta value estimates of the raw-score differences between
specified conditions, were generated for each participant. As noted before, each
individual functional dataset was aligned with the standard stereotactic reference
space, so that a group analysis based on the contrast-images could be performed. A
one-sample t-test was employed for the group analyses across the contrast images
of all subjects (SC vs. CC) for each scan separately, which indicated whether ob-
served differences between the two conditions were significantly distinct from zero.
In addition, paired t-test of the same contrast images was performed to obtain sta-
tistical significance of pairwise comparisons between PMv TMS vs. PMv no TMS,
PMv TMS vs. AG TMS, PMv TMS vs. AG no TMS. T values were subsequently
transformed to Z scores. To compute the common activation increases in the above
contrasts, a conjunction (Nichols et al., 2005) between the contrasts SC vs. CC in
all scans, as well as between all pairwise comparisons was performed. Note that,
since the current study is the first to evaluate short-term reorganization of the au-
ditory motor integration network after rTMS, whole brain analysis were performed
since our aim was to identify areas with a potential compensatory mechanism in
addition to our hypothesis with regard to the role of the right PMv after rTMS of
the left PMv.
To correct for false-positive results, in a first step, the initial voxelwise z-threshold
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was set to Z = 2.576 (p = .005, uncorrected) for the conjunction of the main con-
trast SC vs. CC across all scans, as well as Z = 2.33 (p=.01, uncorrected) for the
conjunction of pairwise comparisons. In a second step, the results were corrected
for multiple comparisons using cluster-size and cluster-value thresholds obtained
by Monte-Carlo simulations at a significance level of p<.05. Based on our a priori
hypothesis, activity increase in the right PMv after rTMS over the left PMv is re-
ported on the basis of thresholded Z = 2.33 (p=.01), but uncorrected conjunction of
the pairwise comparisons.
Additionally, percent signal change was analyzed in several functionally defined
regions of interest (ROIs). A ROI was defined as the peak voxel and a sphere of six
adjacent voxels in regions of the dorsal auditory stream the left PMv and the left
STG that was activated relatively more for SC vs. CC, as well as in regions with sig-
nificant activity increase after rTMS over the left PMv compared to all other scans
right PMv and cerebellar vermal lobule V. Within each ROI, the percentage signal
change was calculated in relation to the mean signal intensity across all time steps
of the respective scan and for each of the four five-minute sub-blocks to examine ef-
fects that change over time. Subsequently, the mean signal change over a 6 s epoch,
starting 4 s after stimulus onset, was extracted for each condition and participant.
To probe the compensatory nature of the activity enhancements after left PMv stim-
ulation and determine the compensatory significance of these enhancements across
time, multiple regression analyses were computed using the stepwise method for
the respective ROIs, including individual percent signal increase for auditory-motor
timing (SC minus CC) during each of the four five-minute sub-blocks after rTMS as
potential predictors of the individual behavioral effect of rTMS (CV in TMS minus
no TMS in the respective scan). Significant standardized regression coefficients are
reported to assess the presence of an inverse relationship between the behavioral
effect of rTMS and the activity increase for SC vs. CC after rTMS which would
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suggest a compensatory activity increase. Note that only predictors providing in-
cremental explanation of behavioral variance (P-values 0.05) entered the stepwise
multiple regression model. The anatomical locations of the functional activation
were assigned by considering both the peak voxel and the position of the respec-
tive activation cluster on the mean brain of the 16 subjects transformed in Talairach
stereotaxic space (Talairach & Tournoux, 1988). The MRI atlas of the cerebellum
by Schmahmann et al. (2000) was used to locate cerebellar activations.
8.3. Results
8.3.1. Behavioral results
Effect on auditory-motor timing: Coefficient of variation in the synchronization
condition (SC)
The coefficient of variation (CV) of tap-to-beat asynchrony across trials was taken
as a measure of synchronization accuracy in accordance with Repp (2005). As
hypothesized, a one-tailed paired samples t-test between CV in ”PMv no TMS”
and ”PMv TMS” revealed a significant increase of CV after left PMv stimulation
(t(15) = -1.78, p < .05; (Fig. 8.3A). In contrast, a one-tailed paired samples t-
test between the coefficient of variability (CV) in ”AG no TMS” and ”AG TMS”
showed no significant increase of CV after left PMv stimulation (t(15) = -0.46, p
= .33; Fig. 8.3A). To evaluate whether this effect was most pronounced in the
first minutes following rTMS, an ANOVA with the factors TMS (no tms/ tms) by
TIME (1st/ 2nd/ 3rd/ 4th sub-block) was computed for each session. There was a
significant interaction between the two factors in the PMv session (F(3,45) = 3.20,
p < .05), with a significant difference between ”PMv no TMS” and ”PMv TMS” in
the first sub-block only (t(15) = -4.476, p < .01, Bonferroni corrected; Fig. 8.3B).
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No significant interaction of TMS by TIME was found in the AG session (F(3,45)
= 0.01, p = .850; Fig. 8.3B).
Control 1 - Effect on motor timing: Coefficient of variability in the control con-
dition (CC)
To ensure that this effect was related to auditory-motor timing and not just to mo-
tor timing variability, CV of tap-to-tap’ asynchrony was computed in the control
condition (CC), in which subject produced regular self-paced tapping during an au-
ditory stimulus, that spectrally matched the auditory rhythms, where tap is the time
at which a tap should have occurred according to the mean inter-tap-interval in the
respective trial (cf. Methods). In contrast to CV of tap-to-beat asynchrony in the
SC condition, a one-tailed paired samples t-test between the CV of tap-to-tap’ asyn-
chrony in CC in ”PMv no TMS” and ”PMv TMS” showed no significant increase
after left PMv stimulation (t(15) = -0.21, p = .49; Fig. 8.3C). Likewise, a one-tailed
paired samples t-test between the CV of tap-to-tap’ asynchrony in ”AG no TMS”
and ”AG TMS” showed no significant increase after ”AG TMS” in CC, (t(15) =
0.40, p = .35; Fig. 8.3C).
Control 2 - Effect on motor output and on auditory-motor coupling: Tapping rate
Stimulation of the PMv might have potentially impaired primary motor function
due to the possibility of stimulation spreading to primary motor cortex. To control
for differences in motor output depending on the TMS session, the overall tapping
rate was assessed for each session. No differences were revealed by one-tailed
paired samples t-tests between no TMS and TMS with regard to tapping rate in SC
or CC trials, neither in the PMv, nor in the AG sessions (Fig. 8.3D, left side). If
rTMS had an influence on the overall coupling of the subjects tapping rate to the
auditory beat rate which could change from one SC trial to the next, they would be
impaired in adjusting their tapping frequency to the beat rate of the respective rhyth-
mic stimulus. However, an ANOVA with the factors TMS (no tms/ tms) and BEAT
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Figure 8.3.: Behavioral effects of rTMS. A: Auditory-motor timing variability of tap-
to-beat asynchrony in the synchronization condition (SC). B: Interac-
tion of rTMS (no TMS/ TMS) and time (1st/ 2nd/ 3rd/ 4th sub-block)
on CV in the SC. C: Control 1: Motor timing variability CV of tap-
to-tap’ asynchrony in the self-paced control condition (CC) where tap’
is the predicted tap on the basis expected time according to the mean
inter-tap-interval during the respective scrambled rhythm. D: Control
2: Tapping rate in the SC and CC (left side) and tapping rate in the
according to beat rate of auditory rhythms in the SC (right side). ”+”
refers to the scan preceded by rTMS; ”-” refers to the scan not preceded
by rTMS. E: Control 3: Effector error rate.
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RATE (1.7/ 2.0/ 2.5 Hz) revealed no interaction of TMS and BEAT RATE in the
PMv session (F(1.41,21.18) = 1.07, p = .36, Greenhouse-Geisser) or the AG session
(F(1.64,24.61) = 0.41, p = .63, Greenhouse-Geisser). Only a main effect of BEAT
RATE both in the PMv session (F(1.34,20.09) = 255.26, p < .001, Greenhouse-
Geisser) and in the AG session (F(1.15,17.18) = 366.29, p < .001, Greenhouse-
Geisser) could be observed (Fig. 8.3D, right side).
Control 3 - Effect on attention: Error rate
Any systematic effects of rTMS on attention in the SC condition could potentially
influence the reported effect. The use of the non-cued hand, the effector error may
indicate a decrease of attention to the task. However, a one-tailed paired samples
t-test between the effector error rate in ”PMv no TMS” and ”PMv TMS” showed
a trend towards significance in the opposite direction - a slightly decreased effector
error rate during the ”PMv TMS” scan compared to ”PMv no TMS” scan (t(15) =
1.58, p = .07). There was no significant difference with regard to error rate between
”AG no TMS” and ”AG TMS” (t(15) = 0.381, p = .709), (Fig. 8.3E).
8.3.2. fMRI results
Synchronization Condition (SC) vs. Control Condition (CC)
As expected, a conjunction of SC vs. CC in all four independent scans yielded an
activity increase in the dorsal auditory stream comprising bilateral Heschls gyrus
(HG, BA 41/42), left posterior temporal gyrus (pSTG, BA 22) and left inferior ven-
tral premotor cortex (PMv), as well as the posteriormost aspect of the pars opercu-
laris (PMv, BA 6/44, Fig. 8.4). In addition, activity was enhanced in the right pars
triangularis of the inferior frontal gyrus (IFG, BA 44/45), the right dorsal premotor
cortex (PMd, BA 6), bilateral anterior insula (BA 13) and the cerebellar crus II (cf.
Table 8.1 for Talairach coordinates).
8.3 Results 143
Table 8.1.: Activation foci in Experiment 3: Anatomical specification, hemisphere
(R right, L left), Talairach coordinates (x, y, z), volume (mm3) and max-
imal Z scores (Z) of significant activations in the direct contrasts. HG:
Heschl’s gyrus; IFG: inferior frontal gyrus; IPL: inferior parietal lobe;
PMd: dorsal premotor cortex; PMv: ventral premotor cortex; pSTG:
posterior superior temporal gyrus; Z = z-score. *Based on the a pri-
ori hypothesis, activity increase in the right PMv after rTMS over the
left PMv is reported on the basis of thresholded Z = 2.33 (p=.01), but
uncorrected conjunction of the pairwise comparisons.
Brain region Hemisphere x y z Z
SC vs. CC: Conjunction of all scans
PMv (BA 6/44) L -50 8 21 3.72
HG (BA 41) L -44 -13 3 6.52
HG (BA 41/42) L -53 -22 12 6.41
HG (BA 41) R 43 -10 3 7.32
HG (BA 42) R 61 -19 12 7.19
pSTG/IPL (BA 22/40) L -56 -34 21 6.83
PMd (BA 6) R 46 2 48 4.26
IFG (44/45) R 46 17 12 3.58
anterior insula (BA 13) L -38 17 9 3.29
anterior insula (BA 13) R 28 23 9 3.95
Cerebellum. Crus II L -26 -70 -36 3.73
SC vs. CC: Conjunction of PMv TMS vs. all other scans
PMv (BA 6) R 58 2 18 3.21*
Cerebellum. vermal area V R 1 -61 -6 3.29
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Figure 8.4.: Synchronization (SC) versus self-paced control condition (CC). A con-
junction of all four independent scans revealed activity increase in
the bilateral Heschls gyrus, the left posterior superior temporal gyrus
and the left PMv for auditory-motor timing (SC vs. CC); corrected at
p<.005, displayed at p<.001 for illustration purposes).
Activation increases after PMv TMS during SC vs. CC
A conjunction of the contrasts between ”PMv TMS” and all other scans for SC vs.
CC allowed us to look for the effect of left PMv TMS on activity during auditory-
motor integration. As hypothesized, rTMS over the left PMv stimulation was fol-
lowed by a task-specific activation increase in the right inferior PMv. In addition,
a significant activation increase was observed in the vermal area V of the anterior
cerebellum (Fig. 8.5A).
The above stimulation-induced activity boosts in the right PMv and the anterior
cerebellum revealed a differential role of these two areas in the preservation of syn-
chronization accuracy. Linear stepwise multiple regression analyses with percent
signal change for SC vs. CC during five-minute sub-blocks (1st, 2nd, 3rd, 4th) as
predictors for the behavioral effect of left PMv stimulation were computed to test
whether these changes are compensatory or unspecific effects of rTMS over the left
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Figure 8.5.: Compensatory activity following left PMv rTMS. A: rTMS over the left
PMv triggered state-dependent activity increases (SC vs. CC, conjunc-
tion of rTMS PMv vs. no rTMS PMv, rTMS PMv vs. rTMS AG and
rTMS PMv vs. no rTMS AG) in the right PMv (a priori hypothesis;
uncorrected, displayed at p<.01) and the anterior midline cerebellum
(corrected at p<.01). B: In contrast to right PMv activity (left side),
the task-dependent cerebellar activity (right side) during the first five-
minute sub-block following rTMS over the PMv predicted the preserva-
tion of auditory-motor synchronization accuracy. Subjects with higher
activity increase in the vermal lobule V following rTMS over the PMv
were more likely to retain synchronization accuracy.
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PMv. None of the four sub-blocks of right PMv activity significantly predicted the
subjects behavioral performance. In contrast, the vermal area of the anterior cere-
bellum explained 40% variance of the behavioral effect of rTMS over the left PMv
(multiple regression coefficient R = .638, p < .001): the higher the percent signal
change in the first five minutes following TMS, the smaller was the effect of left
PMv stimulation on synchronization accuracy (standardized regression coefficient
beta = -.638; Fig. 8.5B). Thus, task-specific cerebellar activity in the first five min-
utes after rTMS predicted how much the subjects synchronization accuracy would
be preserved in the ”PMv TMS” scan, indicating a compensatory mechanisms of
this region in auditory-motor synchronization accuracy.
Notably, neither the right PMv nor the vermal area of the cerebellum predicted
the behavioral changes of ”AG TMS” compared to baseline.
8.4. Discussion
Experiment 3 appears to be the first study to address compensatory short-term func-
tional reorganization following interference with a region in the dorsal auditory
stream in humans. The present combined rTMS-fMRI experiment probed the crit-
ical role of the left ventral premotor cortex (PMv) in auditory-motor timing, and
investigated task-dependent activity increases that help to preserve auditory-motor
synchronization following its disruption. Subjects synchronized left or right finger
tapping to the beat rates (1.7, 2.0, 2.5 Hz) of auditory rhythms (synchronization
condition; SC), and produced regular self-paced tapping during spectrally identical,
but temporally scrambled versions of the same rhythms (control condition; CC). Re-
sults demonstrated that rTMS over the PMv, but not over a control region, disrupted
auditory-motor timing, leaving motor timing variability, primary motor function and
attention to task and stimuli intact. Moreover, it triggered task-dependent activity
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increases in the right PMv contralateral to the stimulation and the anterior midline
cerebellum. In contrast to right PMv activity, cerebellar activity at the beginning
of the scan predicted how much auditory-motor synchronization accuracy would be
affected, with higher activity in less impaired subjects.
In the synchronization condition (SC), the beat rate of the auditory rhythms could
change on a trial-to-trial basis. Accordingly, the task required the subjects to pre-
dict the onset of the upcoming isochronous beats on the basis of the first two beats
of the respective rhythmic stimulus and align their finger tapping to the predicted
onsets accordingly. Accurate auditory-motor timing requires resources that enable
precise feed-forward prediction of ex-afferent auditory and re-afferent somatosen-
sory and proprioceptive feedback. This feed-forward interpretation is in line with
the assumption that the perception of beats and the generation of taps rely on a
shared central timeline (Aschersleben & Prinz, 1995). Importantly, while tap-to-
beat asynchrony was affected, self-paced tapping remained intact. This suggests
that specifically the variability of auditory-motor timing, but not that of motor tim-
ing was impaired after rTMS over the PMv. Moreover, these results could not be
explained by a degradation of motor output, or overall auditory-motor coupling,
since the subjects adjusted their tapping rate to the respective beat rate independent
of the rTMS condition. Finally, results show no impairment of the subjects attention
to the task, since rTMS had no effect on the effector error rate.
The present behavioral results suggest that the left inferior PMv is part of a net-
work critically involved in auditory-motor timing, i.e. left and right hand tapping
to an auditory beat of musical rhythms. This result in line with the present fMRI
findings (cf. Fig. 8.4), as well as with previous imaging studies reporting this region
within the context of auditory-motor synchronization (e.g Rao et al. (1997); Jancke
et al. (2000); Thaut (2003)). However, while other regions have been reported to
be critically involved in right hand tapping synchronization such as the lateral cere-
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bellum and left dorsal premotor cortex (Olmo et al., 2007), the present study is the
first to demonstrate an effector-independent impairment of auditory-motor timing.
This result is consistent with the framework proposing that rhythmic prediction is
effector-independent and sub-served by an audiomotor fraction of a full-blown ac-
tion representation (Schubotz, 2007).
Note that Malcolm et al. (2008) did not find a significant effect of rTMS over
the left PMv on auditory-motor synchronization. This might be partly explained by
different measures of synchronization, such as absolute tap-to-beat asynchrony in
the above study (Malcolm et al., 2008) and synchronization accuracy in the present
study. Moreover, in contrast to the former, the beats used here were surrounded by
other rhythmic events (Fig. 8.1), as it is the case in music. Compared to metronome
clicks, they require more attentional resources to be directed to the auditory modal-
ity.
The variability of tap-to-beat synchronization was impaired after repetitive TMS
interference with a region of the left dorsal auditory stream, which is frequently re-
garded as tuned to language functions. In all four independent fMRI-scans, the SC
versus the CC yielded activity in regions of the dorsal-auditory stream the bilateral
Heschls gyrus, the posterior superior temporal gyrus (pSTG) and the PMv. Remark-
ably, the pSTG and the PMv were left-lateralized. Comparable activity increases are
considered to be related to speech perception and production (Hickok & Poeppel,
2007; Rauschecker & Scott, 2009). However, like speech, a non-speech task such
as synchronization of finger tapping to an auditory beat requires a temporally pre-
cise prediction of auditory, somatosensory and motor information. The enhanced
recruitment of bilateral primary auditory, left temporo-parietal and premotor re-
gions reveals that synchronization of left and right finger tapping to a musical beat
exploits a circuit that is otherwise involved in vocalization and speech. Note that
this pattern of activity is unlikely to be caused by increased sub-vocalization during
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the synchronization condition. There was no consistent activity increase in areas
characteristic for motor imagery and motor preparation such as the primary motor
cortex, primary and secondary somatosensory areas, and in particular the SMA/pre-
SMA, an area which has been shown to be most reliably involved in vocal imagery
(Kawashima et al., 2000; Riecker et al., 2000; Thobois et al., 2000; Kleber et al.,
2007).
As hypothesized, activity in the homologue right PMv (contralateral to the stim-
ulated site) was enhanced for auditory-motor timing following rTMS over the left
PMv in comparison to all other scans. This result is in line with evidence provided
by both stroke and rTMS studies, which demonstrated task-dependent activity in-
crease in non-dominant homologue regions contralateral to the affected primary
motor, premotor or prefrontal sites during motor, visuo-motor and speech tasks
(O’Shea et al., 2007; Nowak et al., 2008; Kell et al., 2009). Such activity boosts
are hypothesized to arise from decreased transcallosal inhibition that occurs as a
result of the disruption of the respective area in the left or the right hemispheres:
Although callosal fibers are predominantly excitatory (Innocenti, 1986; Bloom &
Hynd, 2005), transcallosal inhibition is thought to be mediated by these excitatory
fibers projecting onto GABA-ergic inhibitory neurons (Ferbert et al., 1992).
Despite the occurrence of the hypothesized task-specific increase in the right PMv
after left PMv stimulation, our assumption concerning the compensatory nature of
this activity was not supported. None of the four five-minute sub-blocks of the
scan following left PMv stimulation significantly explained the effect of the latter
on the subjects auditory-motor synchronization. This result lends support to studies
demonstrating no compensatory or even adverse behavioral effects of activity in-
crease in the non-dominant hemisphere contralateral to the affected region (Liepert
et al., 2007; Grefkes et al., 2008; Nowak et al., 2008; Kell et al., 2009). The func-
tional relevance of the enhanced recruitment of contralesional primary motor and
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premotor cortex is, however, still under debate (Murase et al., 2004; Stinear et al.,
2007; Nowak et al., 2008).
Besides the right PMv, an extended region in the midline anterior cerebellar lobe
(vermal lobule V) was more strongly activated during SC when preceded by rTMS
over the left PMv compared to all other scans. Importantly, in contrast to the right
PMv, activity in the initial five minutes after rTMS in the anterior cerebellar lobe
reliably predicted how well subjects preserved auditory-motor synchronization ac-
curacy during the scan following left PMv stimulation. This covariance was specific
to TMS over the left PMv and not present following TMS over the left AG (control
site). Unlike the right PMv which is interconnected with the left PMv via transcal-
losal fibers, the vermal lobule V is not known to have pronounced multi-synaptic
projections to the left PMv. Kelly & Strick (2003) induced retrograde tracers into
the adjacent frontal motor site arm area of the primary motor cortex and found only
few labeled Purkinje cells in the vermal lobules IV-VI, with most clusters beginning
4 mm from the midline. Moreover, in contrast to the cerebellar hemispheres, which
project to the dentate nucleus that shows distinct output to the PMv (Strick et al.,
2009), the vermal lobule projects to the fastigial nucleus (Habas et al., 2009). No-
tably, the output of the midline cerebellum, the fastigial nucleus, has been proposed
to serve as an interface between cerebro-cerebellar and spino-cerebellar loops, i.e.
as a comparator between top-down motor commands and bottom-up visual, vestibu-
lar, proprioceptive and exteroceptive feedback signals which provide information on
the current state of the system (Mori et al., 2004). Support for the role of the ante-
rior vermal lobe in the temporal integration of multimodal information is provided
by neuroimaging: While generally sensorimotor in contrast to cognitive tasks are
known to activate the anterior part of the cerebellum (Stoodley & Schmahmann,
2009), the anterior vermal region has been proposed in temporal processing of mul-
tisensory, e.g. tactile and proprioceptive, information (Kavounoudias et al., 2008).
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Consistent with the current motor timing task, Spencer et al. (2007) demonstrated a
recruitment of this area in discrete in contrast to continuous timing, which contains
a pause inserted before each flexion phase, such as rhythmic finger tapping in the
current experiment. In line with the current data revealing an inverse relationship
of anterior vermal lobe activity and the impairment of tap-to-beat asynchrony, this
area has been recently associated with reduced reaction time (RT) variability (RT
coefficient of variation) in children (Simmonds et al., 2007). Finally, this region has
also been reported during reduced predictability of visual (Toma et al., 2003) and
somatosensory (Tesche & Karhu, 2000) sequences, increased difficulty of temporal
auditory tasks, as well as perception and production of complex versus isochronous
visual rhythms (Xu et al., 2006).
Taken together, the short-term task-dependent compensatory activation of the ver-
mal area V suggests that more resources were devoted to temporal mismatch detec-
tion between bottom-up (auditory and somatosensory input) and top-down (corol-
lary discharges of motor output) information after interference with the left PMv.
This activity increase occurred only following the disruption of the PMv, which
is a causal node in auditory-motor information timing, but not the control region,
which underlines the causal involvement of the left PMv in auditory-motor timing.
In subjects with a more pronounced activity increase in the vermal area V following
PMv stimulation, the deteriorating effect of PMv stimulation on synchronization
accuracy was mitigated.
It cannot be deduced from the present findings whether the enhanced temporal
mismatch detection between these information channels may have occurred due to
altered (i) top-down, via remote influence of rTMS over the left PMv, (ii) bottom-up,
via the behavioral impairment following left PMv stimulation or (iii) interaction of
top-down and bottom-up information. Furthermore, to probe whether the compen-
satory metabolic activity in the anterior midline cerebellum reflects a more general,
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supramodal mechanism of temporal mismatch detection, future studies should test
whether it is bound to auditory cues or occurs during synchronization to visual and
somatosensory cues, as well.
In conclusion, Experiment 3 suggests that the left PMv critically contributes to
effector-independent auditory-motor timing. Repetitive TMS interference with its
activity triggers differential compensatory mechanisms in remote sites: While task-
specific activity increase in the right PMv contralateral to the stimulation region
does not help to retain behavior, activity in the anterior cerebellum can be linked to
a transiently effective compensation of auditory-motor timing after PMv disruption.
Part III.
General discussion

8.4 Discussion 155
When people listen to music, they frequently feel an urge to entrain their body
movements to its regular beat by head nodding, toe or finger tapping and dancing.
Indeed, there is a tight link between movement in music, since the beat rate range
of different popular musical styles peaks around 2 Hz closely matching the rate of
repetitive movements (Moelants, 2003; van Noorden & Moelants, 1999). Although
auditory-motor coupling to music has been proposed to be a cross-cultural human
universal (Nettl, 2000), it was unknown which brain mechanisms give rise to this
auditory-motor integration behavior. The goal of the experiments conducted in the
present thesis was to explore the neural basis that leads to auditory-motor coupling
to a regular pulse in musical rhythms, i.e. to auditory-motor integration of a musical
beat rate.
Specifically, the current thesis focused on the contribution of a motor-related cor-
tical region classically conceived as involved in vocalization and speech processes -
the inferior part of the ventral premotor cortex (PMv) extending into BA 44 (Broca’s
area on the left side). A short summary of the results obtained in the current exper-
iments is presented below, followed by a comparative discussion of the results, as
well as by a section on limitations of the current findings and their implications for
future research.

9. Summary of obtained results
Using functional magnetic resonance imaging (fMRI), Experiment 1 aimed at prob-
ing the involvement of motor-related brain regions when subjects attention is di-
rected to rhythms they individually prefer compared to those that they do not.
Specifically, the experiment was designed to test whether aesthetic appreciation
of rhythms with individually preferred beat rate (tempo) around 2 Hz will be ac-
companied by activity increase in the PMv which has been previously shown to be
involved in rhythm perception tasks (H1). To test whether the hypothesized activity
can be explained by increased internal auditory-motor simulation of the auditory
beat rate, activity during preferred rhythms was compared by activity increase dur-
ing a perceptual rhythm task - the beat rate judgment task (H2). In line with the
notion of sensorimotor-driven forward models and the evidence for the involve-
ment of motor-related areas in perceptual rhythm tasks, we assumed that the tempo
judgment task required enhanced sensorimotor simulation. The obtained results re-
vealed beat rate to be the most important temporal property of the musical rhythm
with regard to the subject’s aesthetic judgment. Importantly, musical rhythms with
preferred tempo but not with preferred timbre, a non-rhythmic property of the mu-
sical rhythms, engaged the left PMv confirming hypothesis H1. Moreover, the PMv
activity increased to the same extend as during the perceptual rhythm task, lend-
ing support to the second assumption (H2). The activity boost in the left PMv was
unlikely to be explained by subjects humming along with the rhythm or by vocal
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imagery, since no significant activity increase was found in the supplementary mo-
tor area (SMA) or primary motor cortex. Importantly, the increase in PMv activity
covaried linearly with how strongly the subjects preferred a certain beat rate.
Despite this evidence, it remained uncertain whether an interference with ac-
tivity in the left PMv would affect tempo preference strength. In Experiment 2,
offline repetitive Transcranial Magnetic Stimulation (rTMS) was used in a similar
experimental paradigm to probe the causal contribution of the left PMv to auditory
beat rate preference. Individual tempo preference strength and stability within and
across sessions was hypothesized to be temporarily disrupted following rTMS in-
terference with the left PMv (H3). Moreover, it was assumed that the latter effect
would covary with the effect of PMv stimulation on the perceptual rhythm task (H4).
As predicted (H3), rTMS over the left PMv temporarily interfered with individual
tempo preference strength depending on the individual strength of tempo prefer-
ence in the control session. Moreover, PMv stimulation temporarily disrupted the
stability of individual tempo preference strength within and across sessions. These
effects were specific to the preference for tempo in contrast to the preference for
timbre and bound to the first half of the experiment following PMv stimulation.
However, the hypothesis H4 was not confirmed by the results, since the disruption
of beat rate preference strength could not be explained by an impairment of beat
rate recognition.
While Experiments 1 and 2 revealed that a motor-related region - the left PMv
- modulates auditory preference for a beat rate, it remained unclear whether the
same cortical region is also causally involved during coupling of movement to an
auditory beat. If this were the case, perceptual preference for a beat rate exploit
the same auditory-motor integration resources as auditory-motor synchronization.
Furthermore, an additional aim was to identify mechanisms that help to preserve
auditory-motor timing, in particular, the compensatory role of the right PMv, con-
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tralateral to the stimulation. Accordingly, Experiment 3 used the combination of of-
fline rTMS and fMRI to determine the causal contribution of PMv to auditory-motor
synchronization (H5) and identify task-dependent compensatory mechanisms that
help to preserve task performance following its disruption (H6-H7). As expected,
activity in the dorsal auditory stream - including Heschl’s gyrus, posterior supe-
rior temporal gyrus and the PMv (BA6, extending into BA44) - was enhanced for
the synchronization compared to the control condition in all scans. Moreover, left
PMv impaired auditory-motor synchronization according to H5, an effect that wore
off with time after the end of stimulation. Although activity increased in the unaf-
fected contralateral right PMv after left PMv stimulation confirming H6, it yet did
not predict the behavioral effect of rTMS across subjects. Thus, for the right PMv
H7 was not supported. However, the subjects’ performance after left PMv could
be predicted from task-specific activity in the anterior midline cerebellar region ac-
cording to H7, an area previously associated with reduced response variability and
discrete motor timing. In conclusion, the above results suggest that the left PMv is
causally relevant for auditory-motor integration. While activity increase in the ven-
tral premotor region contralateral to the stimulation region did not help to preserve
behavior, the anterior cerebellum could be linked to a compensation of auditory-
motor synchronization after PMv disruption.

10. Comparison across
experiments and implications
of obtained findings
A conjunction between the functional imaging results of Experiments 1 and 3 re-
vealed a partial overlap of neural mechanisms between effects of auditory beat rate
preference and auditory-motor coupling to the beat rate of the musical rhythms (Fig.
10.1). The two sites of overlap were both located in the left PMv, ventral to the in-
ferior frontal sulcus and caudal to Broca’s area. One was situated in the anterior and
superior region just below the inferior frontal sulcus and extended into the precen-
tral sulcus; the other was located more inferiorly and was adjacent to the opercular
region. These regions of overlap most probably correspond to areas 6v1 and 6r1 of
the subdivision recently proposed by Amunts et al. (2010) on the basis of cyto- and
receptoarchitectonic features (cf. Fig. 3.1). According to the hierarchical cluster
analysis revealing similarity/distance based on receptor density distribution of six
receptors, areas 6v1 and 6r1 appeared in one cluster, separated from areas op8, op9,
BA 44 and 45 (Amunts et al., 2010). Since regions with similar receptor distribu-
tions tend to show similar functions (Zilles & Amunts, 2009), this finding suggests
that the two regions of overlap are anatomically and functionally homogeneous and
will be subsequently discussed together.
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Figure 10.1.: Conjunction between imaging results in Experiments 1 and 3. The
only overlap between BOLD activity increase for auditory beat rate
preference and synchronization to an auditory beat rate was found in
the left PMv.
Since the region of overlap extended into the precentral sulcus, it can be said
that it was partly located at the transitional area from agranular premotor cortex to
dysgranular pars opercularis (Broca’s area) of the inferior frontal gyrus. It has been
proposed that the function of Broca’s area in speech production, comprehension and
syntactical analysis may have its evolutionary origins in the premotor cortex (Fazio
et al., 2009). The current findings show that auditory-motor integration of rhythm
critically depends on left premotor areas extending into Broca’s region.
Indeed, the timing of events over prolonged periods of time are crucial in produc-
tion and comprehension of both speech and music. However, as already mentioned
in Chapter 1, unlike speech, music typically consists of repetitive, and thus more
predictable, temporal patterns. In the present work, one of the most prominent
types of repetitive rhythmic patterns in music was investigated - an isochronous
beat. Structurally, it is the simplest type of rhythm, since (i) event cues marking a
beat are recurring periodically, i.e. the interval length between events remains con-
stant within a rhythmical trial and (ii) a recurring beat cue does possess the lowest
ordinal complexity1. However, unlike most studies employing isochonous rhythms,
1In the current experiments, each rhythmic cue, including the beat, could be marked by two differ-
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the cue for beat rate was not presented in isolation, but embedded into additional
isochronous and non-isochronous cues, e.g. those marking beat grouping or beat
subdivision. Moreover, all experiments employed an event-related trial design, in
which subjects were typically exposed to beat rates that could change on a trial-by-
trial basis, so that new predictions concerning the onset of the beats had to be made
at the beginning of each trial.
It is remarkable that auditory-motor integration of rhythm revealed a left-
lateralized component that is classically associated with speech-related processing.
However, the left lateralization might also be related to sequence complexity and
sequence storage load, rather than to overlap with speech-related neural resources.
In contrast to the left, the right premotor cortex is involved in advanced stages of se-
quence learning and modulated by sequence complexity, as well as length in motor
(Sadato et al., 1996) and perceptual sequences (Schubotz & von Cramon, 2002a).
Thus, it is not surprising that auditory-motor integration of an isochonous periodic
pulse rate, the most elementary rhythmic parameter, draws on a left-lateralized pre-
motor component.
The results obtained in Experiments 1 and 2 suggest that the left PMv is causally
relevant for perceptual preference of auditory beat rate. Functional MRI results
revealed that in the aesthetic judgment task, PMv activity was not elevated, unless
subjects were presented with rhythms which beat rate they subjectively preferred.
The aesthetic judgment task did not require auditory-motor integration of the beat
rate. Indeed, judgment analysis revealed that, overall, a non-timing related factor -
timbre - was the most important factor determining their aesthetic judgments.
The present findings advocate the notion that more neural resources in the motor
ent sounds. The sequence of these sounds differed according to the beat grouping/meter, e.g. 3
beats (ABA-ABA), 4 beats (ABAB-ABAB) and 5 beats (ABAAB-ABAAB). Nevertheless, the
sequential structure determined by the metre was counterbalanced across different beat rates, i.e.
it is unlikely, it had an influence on the perception of or on the synchronization to the beat.
164 Comparison across experiments and implications of obtained findings
system may be tuned to preferred in contrast to not preferred beat rates. This is
in accordance with results suggesting that the PMv activity is modulated by previ-
ous auditory-motor coupling experience (Lahav et al., 2007; Bangert et al., 2006;
Baumann et al., 2007). The latter effect has also been reported with regard to the
influence of visuo-motor coupling on PMd (Calvo-Merino et al., 2005, 2006) and
PMv activity (Cross et al., 2006). Although the term ”action resonance” (Cross
et al., 2006) has been used to describe premotor activation during action observa-
tion, it might be misleading when applied to the present findings. Firstly, Exper-
iment 2 suggests that activity in the PMv does not only accompany, but causally
contribute to perceptual preference of auditory rhythms; secondly, the activation
of this motor-related site does not necessarily entail a full re-enactment (Schubotz,
2007). Therefore, it may not be the most parsimonious interpretation.
Although the present experiments revealed overlapping PMv contribution to per-
ceptual and motor tasks, such evidence does not suggest the conclusion that the
”mirror” or more specifically, the ”echo” neuron system may contribute to rhythmic
preferences on the basis of fMRI and rTMS results alone. The PMv in monkeys
contains a variety of neurons besides these type of neurons2 and there has been so
far no direct evidence for mirror neurons in the human PMv.
How do these findings fit into the framework of internal simulation outlined in the
introductory chapters? Figures 10.2 and 10.3 propose neural mechanisms of rhythm
prediction (and based on this of perceptual rhythmic preference) and auditory-motor
synchronization on the basis of internal forward models. The proposal draws on the
present results, as well as on previous findings related to sensorimotor integration
and motor cognition. Thus, this account attempts to incorporate the PMv contribu-
tion into a broader functional network enabling internal feed-forward prediction of
2Kohler et al. (2002) report only 13% of neurons in area F5 in monkeys to possess ”echo” proper-
ties.
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auditory rhythm.
Figure 10.2 is a schematic diagram of possible neural mechanisms enabling
rhythm prediction, which perceptual rhythmic preference may draw on. It is partly
consistent with the model of Schubotz (2007), however, it also considers cerebellar
contribution and proposes neural implementation of the comparator module. When
the beat rate of the rhythm is not known, the motor system starts to interpolate the
onset of the beat from the relative intensity or pitch modulations in the incoming
auditory signal. The SMA sends an efferent signal to the body directly or via the
primary motor cortex, that is suppressed3, because it is used to predict the beat on-
set, but not to synchronize body movements to the beat on top of sensory prediction.
At the same time, an efference copy of this command is send to the PMv and possi-
bly to the lateral anterior cerebellum (aCB) which together have been suggested to
form a closed cortico-cerebellar circuit (Strick et al., 2009).4 This circuit emulates
the predicted sound onset of the upcoming beat. The predicted sound onset is send
to auditory areas in the dorsal auditory stream such as posterior superior temporal
cortex (pSTG) and possibly to the midline aCB (vermal area V), that receive audi-
tory information on the actual sound onset via the primary auditory cortex (Heschl’s
gyrus; HG).
Why could the latter two regions potentially serve as a comparator module in
auditory-motor integration? The pSTG is proposed based on evidence demonstrat-
ing an attenuation of activity in sensory areas by a corollary discharge from the
motor system during self-induced movement (Sperry, 1950; von Holst & Mittel-
staedt, 1950), such as from the motor to the auditory systems in humans (Paus
et al., 1996) and insect models (Poulet & Hedwig, 2006), as well as from the mo-
3In the present model, it is left open, at what stage the efferent signal is suppressed. It is possible
that this happens at the cortical level and the signal does not reach the M1 as suggested by
Schubotz (2007).
4Cf. Ramnani (2006) for the role of cerebellum in forwards models in cognitive control.
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tor to the tactile (Blakemore et al., 2000, 1998; Christensen et al., 2007) and from
the motor to the visual systems (Wurtz, 2008). The midline aCB draws on find-
ings suggesting that its output, the fastigial nucleus, serves as an interface between
cerebro-cerebellar and spino-cerebellar loops and has access to both top-down mo-
tor commands and bottom-up visual, vestibular, proprioceptive and exteroceptive
feedback signals (Mori et al., 2004).
Figure 10.2.: Proposed anatomical basis of auditory rhythm prediction
Figure 10.3.: Proposed anatomical basis of auditory-motor synchronization
Figure 10.3 is a schematic diagram of the anatomical basis of a forward model
serving auditory motor synchronization by finger tapping. It incorporates the for-
ward model for the prediction of auditory beat onset; however, on top of this, it
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predicts the onset of somatosensory and proprioceptive feedback on the basis of
an efference copy of the efferent signal sent from the SMA and M1 via the corti-
cospinal tract to the body to perform a movement such as index finger flexion for
finger tapping. Moreover, it compares the actual onset of this movement-induced
proprioceptive and somatosensory feedback with the predicted onset, most proba-
bly in the somatosensory cortices (S1/S2) in addition to the midline aCB. Again,
the latter is based on studies reporting attenuating sensory signals due to a corol-
lary discharge from motor to sensory systems as referred to above. In line with this
notion, Experiment 3 revealed increased activity in the left somatosensory cortex,
specifically its finger representation, following PMv stimulation (Fig. A.4).5 This
observation supports the current model, since interference with the PMv may have
disturbed the forward models and consequently distorted accurate prediction of the
onset of proprioceptive and somatosensory feedback preventing sensory attenua-
tion. Besides the reported midline aCB activity, somatosensory activity may reflect
the sensory discrepancy arising from the mismatch of actual and predicted timing.
The output of the midline aCB, the fastigial nucleus, has been proposed to serve
as an interface between cerebro-cerebellar and spino-cerebellar loops (Mori et al.,
2004) and the midline aCB has been shown to be associated with the temporal inte-
gration of multimodal (extrinsic and intrinsic) information (Kavounoudias et al.,
2008). Accordingly, it may serve as a comparator across (and not just within)
modalities on a common central timeline (Fraisse, 1980; Aschersleben & Prinz,
1995, 1997) by relating the actual onset arriving from bottom-up exafferent (audi-
tory) with reafferent (proprioceptive, somatosensory) feedback signals, as well as
with the predicted onset generated by the top-down efferent signals.
Can auditory-motor integration of rhythm reach an intermediate level with regard
to its motor and sensory component? It is conceivable that a stronger involvement
5This effect did not reach significance being slightly below the applied statistical threshold.
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of the motor system during auditory rhythm perception may trigger forward models
in the PMv that predict somatosensory and proprioceptive in addition to auditory
input, perhaps because these forward models exploit interconnected networks. In
this case, the discrepancy between predicted and actual somatosensory input may
ultimately lead to an adjustment of the motor command. In other words, a stronger
involvement of the PMv may induce enhanced somatosensory prediction and, con-
sequently, the urge to alleviate the sensory mismatch between actual and predicted
input by tuning-in to the beat by body movement or vocalization.
Note that the above model of auditory-motor synchronization of rhythm accounts
for finger tapping based on the present experiments. It does not incorporate the
vestibular component that is present when whole body or head movements are syn-
chronized to an auditory rhythm. However, it is likely that the prediction of vestibu-
lar input could be incorporated in the current model as an additional informational
stream due to its connections to both the PMv (Lobel et al., 1998) and the medial
aCB (Mori et al., 2004).
11. Limitations and future
research directions
The present results shed light on the neurofunctional basis of auditory-motor inte-
gration of rhythm. However, they do not elucidate how rhythmic preferences are
acquired. Moreover, they do not show how these preferences are engraved in the
central nervous system, since the current methods and experimental paradigms did
not address changes on a macro- or micro-anatomical scale. Previous findings sug-
gested that a stimulation of the vestibular system by body and, in particular, head
movement can be effective in priming auditory rhythmic preferences in infants and
adults (Phillips-Silver & Trainor, 2005, 2007, 2008). From a developmental per-
spective, it would be interesting to address the influence of maternal preferred walk-
ing speed during the prenatal stage on the infants’ rhythmic preferences. Moreover,
research across different primate species could reveal, whether auditory-motor cou-
pling to rhythm is innate or rather determined by exposure to auditory-motor and
auditory-vestibular coupling, e.g. when subjects are bounced to rhythms.
How may these rhythmic preferences be manifested neurophysiologically? Since
the PMv is innervated by projections from the auditory association areas via the ar-
cuate fasciculus and sends cortico-fugal projections to the vestibular nuclei (Akbar-
ian et al., 1993, 1994), it is conceivable that exposure to particular rhythms through
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walking, speech etc. may modulate the contribution of the PMv to particular au-
ditory rhythms. In terms of the forward model approach, the selection (weighting)
of forward models in the PMv by auditory input may be implemented in terms of
comparator output from sensory, in this case auditory areas. In a loop with the lat-
eral cerebellum, the PMv may provide more accurate predictions for these familiar
rhythms.
Unlike PMv, auditory areas did not show an activity increase when subjects lis-
tened to rhythms with individually preferred versus not preferred beat rate (Fig.
A.3). However, percent signal change analysis did not reveal the reversed pattern
that may be expected from the current model, i.e. an attenuation of the signal in
left primary auditory and auditory association areas during preferred as compared
to not preferred rhythms due to a more accurate forward prediction for preferred
rhythms.1 To further test this assumption, it would be necessary to repeat Exper-
iment 2, but complement it with a subsequent fMRI measurement. If the above
assumption is correct, interference with PMv would not only disrupt rhythmic pref-
erences, but also increase activity in auditory sites due to a mitigated attenuation
of sensory input by the PMv related to increased mismatch between predicted and
actual auditory timing.
Despite the overlap in activity increase for both preferred auditory beat rate and
auditory-motor synchronization to the beat rate, as well as the application of the for-
ward model both to perceptual and motor integration of rhythm, the behavioral link
between rhythm prediction and preference has not been provided yet. It would be
important to demonstrate that subjects show a better performance when predicting
individually preferred compared to not preferred auditory beat rates.
1Unlike the findings with regard to the PMv, there was no significant covariation of beat rate
strength and attenuation of activity in primary auditory and auditory association areas (Fig. A.3).
Note, however, that the difference in temporal mismatch between real and expected beat onset of
individually preferred and not preferred beat rates around 2 Hz may be too subtle to be reflected
by the BOLD signal of primary and secondary auditory cortex.
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Experiments 1 and 2 showed conflicting results with regard to the beat rate recog-
nition task. Despite the fact that left PMv activity increased during this task as much
as during preferred rhythm in the aesthetic judgment task, the effect of inhibitory
PMv stimulation on beat rate preference could not be explained by its effect on beat
rate recognition. It is conceivable that this explicit beat rate task may have drawn
on compensatory sensorimotor resources, since a simulation of the beat rate was
required to achieve the task in contrast to the aesthetic judgment task. As in Exper-
iment 3, subsequent fMRI may shed light on potential compensatory resources.
rTMS interference with the left PMv produced a five to ten minutes long disrup-
tion of both beat rate preference and accuracy of auditory-motor synchronization.
These disruptive effects were mitigated not later then ten minutes following rTMS.
However, it remains unclear - in rTMS research in general - whether the behavioral
and neural effect of rTMS drops linearly or rather according to non-linear dynam-
ics. Moreover, it should be addressed, how the reported behavioral effect of rTMS
co-varies with compensatory activity in the cerebellum. A concurrent combination
of rTMS and fMRI may shed light on the trial-by-trial modulations of performance
and cerebellar activity induced by PMv stimulation.
Finally, it remains unclear whether the compensatory metabolic activity in the
anterior midline cerebellum reflects a more general, supramodal mechanism of tem-
poral mismatch detection, or whether it is rather bound to the auditory modality. To
probe this, future studies should implement Experiment 3 or similar paradigms in
different modalities, i.e. by including tasks that require synchronization to visual or
tactile cues.

Part IV.
Appendix

A. Figures
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Figure A.1.: Experiment 1: Effects of rhythmical preference on subjects without
musical training. Contrasts beautiful vs. not beautiful rhythms (A)
and preferred vs. not preferred tempo (B) (p=.01, uncorrected) when
excluding six and five subjects, respectively, who received instrumental
training or attended a choir.
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Figure A.2.: Exp. 1: Effects of rhythmical preference on individual percent signal
change in ventral premotor ROIs. Subjects marked with * received in-
strumental training or attended a choir at some point in their life, but
did not report any musical activities at the time of their participation
in the experiment; subjects marked with ** reported musical activities
for 4 to 5 hours per week at the time of their participation in the exper-
iment. A. % sc of each subject in left PCO/PMv ROI during rhythms
judged as beautiful and not beautiful. B. % sc in PMv during rhythms
with preferred and not preferred tempo in both the aesthetic judgment
(AJ) and the tempo judgment (TJ) conditions. C. Correlation between
the strength of tempo preference (slow or fast tempo) and the % sc
increase in PMv during preferred relative to not preferred tempo (AJ).
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Figure A.3.: Experiment 1: Activity in auditory areas during rhythms with preferred
and not preferred tempo (beat rate). No percent signal change differ-
ence was revealed in the left Heschl’s gyrus (HG; Talairach coordi-
nates: -44 -13 3; t = .789, p = .47, one-tailed) or the left posterior
superior temporal gyrus (pSTG; Talairach coordinates: -56 -34 21; t
= .088, p = .22, one-tailed). Note that the activity increase in auditory
areas for preferred versus not preferred tempo did not show an inverse
correlation with the individual strength of tempo preference in either of
the sites (pSTG: r = -.278, p = .15, one-tailed; HG: r = .154, p = .29,
one-tailed). The above coordinates were taken from auditory-motor
timing-related activations (synchronization vs. control condition) in
Experiment 3 conducted with a different group of subjects.
Figure A.4.: Experiment 3: Activity increase in primary somatosensory areas for
auditory-motor synchronization following rTMS over the left PMv.
B. Tables
Table B.1.: Experiment 2: Individual tempo preference after AG (baseline) and
PMv stimulation across the whole experiment. Standardized regression
coefficients (beta weights) for tempo, which describe the influence of
this predictor on individual aesthetic judgments, were obtained by en-
ter multiple regression. Because of the linear mathematical modelling,
these beta weights provided information on the tendency of every subject
to prefer rhythms with slow tempo (negative beta weights) or fast tempo
(positive beta weights). Asterisk (*) indicates significant beta weights.
Subjects are sorted according to the respective absolute value of beta
weights for tempo in the AG session.
Subject Preferred Tempo AG PMv
(beta weight) (beta weight)
1 Slow tempo -0.64* -0.54*
2 -0.57* -0.53*
3 -0.52* -0.62*
4 -0.52* -0.29*
5 -0.5* -0.22*
6 -0.49* -0.33*
7 -0.37* -0.37*
8 -0.28* 0
9 -0.26* -0.37*
10 -0.23* -0.4*
11 -0.17* -0.31*
12 -0.16* -0.02
13 -0.16 -0.12
14 -0.05 -0.21*
15 Fast tempo 0.07 0.15
16 0.3* -0.25*
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Table B.2.: Experiment 2: Individual linear mathematical models (individual case
models) of judgment strategy computed to examine the influence of stim-
ulus properties on aesthetic judgments after AG (baseline) and PMv
stimulation. Standardized regression coefficients and multiple regres-
sion coefficients (R) as obtained by stepwise multiple regression are
shown. Columns show all predictors of preference judgments (tempo,
measure, beat subdivision, rhythmic figure and timbre; the latter two,
being nominal, were assigned dummy variables.). Each subjects most
important predictor for the judgment beautiful is in bold font.
AG session
subject tempo measure subdiv rhythm timbre R
1 /
2 -0.28 -0.21 0.35
3 -0.26 -0.23 0.48 0.59
4 -0.49 -0.49 0.19 0.71
5 -0.52 -0.36 -0.30 0.70
6 -0.52 -0.39 0.65
7 -0.64 -0.32 0.72
8 -0.17 -0.29 -0.67 0.75
9 -0.76 0.77
10 -0.50 -0.52 0.19 0.75
11 -0.16 -0.21 -0.17 -0.54 0.62
12 -0.23 -0.18 0.28 0.40
13 /
14 0.30 0.19 -0.22 0.41
15 -0.57 -0.50 0.76
16 -0.37 -0.27 -0.16 -0.45 0.66
PMv session
subject tempo measure subdiv rhythm timbre R
1 0.40 0.40
2 -0.26 -0.19 0.32
3 -0.37 -0.17 0.58 0.71
4 -0.33 -0.49 -0.35 0.69
5 -0.62 -0.41 -0.19 0.77
6 -0.29 -0.37 -0.19 0.50
7 -0.54 -0.27 -0.20 0.64
8 -0.31 -0.57 0.65
9 -0.51 0.51
10 -0.22 -0.60 0.64
11 -0.98 0.98
12 -0.40 0.39 0.56
13 -0.21 -0.25 0.33
14 -0.25 -0.41 0.48
15 -0.53 -0.58 0.78
16 -0.37 -0.46 0.59
C. Task instructions
C.1. Experiments 1 and 2
Liebe(r) Versuchsteilnehmer(in),
Im folgenden Experiment werden Dir u¨ber Kopfho¨rer verschiedene Trommel-
und Schlagzeugrhythmen vorgespielt. Jeder Durchgang beginnt dabei mit einem
Hinweis, der eine der zwei mo¨glichen Aufgaben anzeigt:
• schnell? Der Rhythmus soll auf sein Tempo hin beurteilt werden. Deine Auf-
gabe ist es, zu entscheiden, ob der Rhythmus eher schnell (”JA”/Zeigefinger)
oder eher nicht schnell ist (”NEIN”/Mittelfinger).
• scho¨n? Der Rhythmus soll auf seine A¨sthetik hin beurteilt werden.
Deine Aufgabe ist es, zu entscheiden, ob Du den Rhythmus eher scho¨n
(”JA”/Zeigefinger) oder eher nicht scho¨n findest (”NEIN”/Mittelfinger).
Bitte dru¨cke eine Antwort-Taste, sobald Du eine Entscheidung gefa¨llt hast, je-
doch noch wa¨hrend der Dauer des Rhythmus.
Beurteile die Rhythmen in Bezug auf Schnelligkeit und Scho¨nheit bitte nicht
im Vergleich zu anderen Kla¨ngen, Musikrhythmen und Musikstu¨cken, sondern nur
im Kontext der anderen Rhythmen dieses Experiments. Bewege Dich bitte nicht
wa¨hrend der gesamten Dauer des Experiments.
Zur U¨bung gibt es einige Beispiele vor dem eigentlichen Experiment.
182 Task instructions
Hast Du noch Fragen? Vielen Dank fu¨r Deine Teilnahme!
C.2. Experiment 3
Liebe(r) Versuchsteilnehmer(in),
Im folgenden Experiment werden Dir u¨ber Kopfho¨rer verschiedene Kla¨nge
vorgespielt. Du wirst die Aufgabe bekommen, wa¨hrend der Kla¨nge eine Taste wie
folgt zu dru¨cken:
• Trommel- und Schlagzeugrhythmen: Die Rhythmen haben alle einen
regelma¨ßigen Grundschlag bzw. Beat, zu dem man sich bewegt. Deine Auf-
gabe ist es, den Beat des Rhythmus mit dem Zeigefinger der rechten oder der
linken Hand (je nach vorhergehendem Hinweis) wa¨hrend der Pra¨sentation des
Rhythmus auf einer Antwort-Taste mitzudru¨cken.
• Gera¨usche: Die Gera¨usche haben im Gegensatz zu den Rhythmen keinen
Beat. Deine Aufgabe ist es, mit dem Zeigefinger der rechten oder der
linken Hand (je nach vorhergehendem Hinweis) wa¨hrend der Pra¨sentation
des Gera¨usches eine Antwort-Taste zu dru¨cken. Dru¨cke die Taste ungefa¨hr so
regelma¨ig wie wa¨hrend der Rhythmen.
Gelegentlich gibt es zwischen den einzelnen Durchla¨ufen kurze Pausen.
Vor dem Experiment werden Dir die Hinweise erla¨utert und einige Beispield-
urchla¨ufe pra¨sentiert, in denen Du die Aufgaben u¨ben kannst. Zuna¨chst wird
zusa¨tzlich ein Metronomschlag zu ho¨ren sein, der demonstriert, wann Du eine
Antwort-Taste mitdru¨cken musst. Anschließend werden Beispieldurchla¨ufe ohne
Metronom pra¨sentiert.
Hast Du noch Fragen? Vielen Dank fu¨r Deine Teilnahme!
Bibliography
Aguirre, G. K., Zarahn, E., & D’Esposito, M. (1997). Empirical analyses of BOLD
fMRI statistics. II. Spatially smoothed data collected under null-hypothesis and
experimental conditions. Neuroimage, 5(3), 199–212.
Akbarian, S., Grusser, O. J., & Guldin, W. O. (1993). Corticofugal projections to
the vestibular nuclei in squirrel monkeys: further evidence of multiple cortical
vestibular fields. J Comp Neurol, 332(1), 89–104.
Akbarian, S., Grusser, O. J., & Guldin, W. O. (1994). Corticofugal connections be-
tween the cerebral cortex and brainstem vestibular nuclei in the macaque monkey.
J Comp Neurol, 339(3), 421–37.
Allen, E. A., Pasley, B. N., Duong, T., & Freeman, R. D. (2007). Transcranial mag-
netic stimulation elicits coupled neural and hemodynamic consequences. Sci-
ence, 317(5846), 1918–21.
Alm, P. A. (2004). Stuttering and the basal ganglia circuits: a critical review of
possible relations. J Commun Disord, 37(4), 325–69.
Amunts, K., Lenzen, M., Friederici, A. D., Schleicher, A., Morosan, P., Palomero-
Gallagher, N., & Zilles, K. (2010). Broca’s region: novel organizational princi-
ples and multiple receptor mapping. PLoS Biol, 8(9).
Anderson, J. M., Gilmore, R., Roper, S., Crosson, B., Bauer, R. M., Nadeau, S.,
Beversdorf, D. Q., Cibula, J., Rogish, M., Kortencamp, S., Hughes, J. D., Rothi,
L. J. G., & Heilman, K. M. (1999). Conduction aphasia and the arcuate fasci-
culus: A reexamination of the Wernicke-Geschwind model. Brain Lang, 70(1),
1–12.
Aschersleben, G., Gehrke, J., & Prinz, W. (2001). Tapping with peripheral nerve
block. A role for tactile feedback in the timing of movements. Exp Brain Res,
136(3), 331–339.
Aschersleben, G., & Prinz, W. (1995). Synchronizing actions with events: the role
of sensory information. Percept Psychophys, 57(3), 305–317.
Aschersleben, G., & Prinz, W. (1997). Delayed auditory feedback in synchroniza-
tion. J Mot Behav, 29(1), 35–46.
Awiszus, F. (2003). TMS and threshold hunting. Suppl Clin Neurophysiol, 56,
13–23.
184 Bibliography
Awiszus, F., Feistner, H., Urbach, D., & Bostock, H. (1999). Characterisation of
paired-pulse transcranial magnetic stimulation conditions yielding intracortical
inhibition or I-wave facilitation using a threshold-hunting paradigm. Exp Brain
Res, 129(2), 317–24.
Baker, K., Rochester, L., & Nieuwboer, A. (2008). The effect of cues on gait
variability reducing the attentional cost of walking in people with Parkinson’s
disease. Parkinsonism Relat Disord, 14(4), 314–20.
Bangert, M., Peschel, T., Schlaug, G., Rotte, M., Drescher, D., Hinrichs, H., Heinze,
H.-J., & Altenmueller, E. (2006). Shared networks for auditory and motor pro-
cessing in professional pianists: evidence from fMRI conjunction. Neuroimage,
30(3), 917–926.
Barbas, H., & Pandya, D. N. (1987). Architecture and frontal cortical connections
of the premotor cortex (area 6) in the rhesus monkey. J Comp Neurol, 256(2),
211–228.
Baruch, C., & Drake, C. (1997). Tempo discrimination in infants. Infant Behavior
and Development, 20(4), 573–577.
Baumann, S., Koeneke, S., Schmidt, C. F., Meyer, M., Lutz, K., & Jancke, L.
(2007). A network for audio-motor coordination in skilled pianists and non-
musicians. Brain Res, 1161, 65–78.
Bella, S. D., Peretz, I., Rousseau, L., & Gosselin, N. (2001). A developmental study
of the affective value of tempo and mode in music. Cognition, 80(3), B1–10.
Bengtsson, S. L., Ehrsson, H. H., Forssberg, H., & Ullen, F. (2005). Effector-
independent voluntary timing: behavioural and neuroimaging evidence. Eur J
Neurosci, 22(12), 3255–65.
Bengtsson, S. L., Ullen, F., Ehrsson, H. H., Hashimoto, T., Kito, T., Naito, E.,
Forssberg, H., & Sadato, N. (2009). Listening to rhythms activates motor and
premotor cortices. Cortex, 45(1), 62–71.
Bernal, B., & Ardila, A. (2009). The role of the arcuate fasciculus in conduction
aphasia. Brain, 132(Pt 9), 2309–16.
Bestmann, S. (2008). The physiological basis of transcranial magnetic stimulation.
Trends Cogn Sci, 12(3), 81–83.
Blakemore, S. J., Wolpert, D., & Frith, C. (2000). Why can’t you tickle yourself?
Neuroreport, 11(11), R11–6.
Blakemore, S. J., Wolpert, D. M., & Frith, C. D. (1998). Central cancellation of
self-produced tickle sensation. Nat Neurosci, 1(7), 635–40.
Bibliography 185
Blood, A. J., & Zatorre, R. J. (2001). Intensely pleasurable responses to music
correlate with activity in brain regions implicated in reward and emotion. Proc
Natl Acad Sci U S A, 98(20), 11818–23.
Bloom, J. S., & Hynd, G. W. (2005). The role of the corpus callosum in inter-
hemispheric transfer of information: excitation or inhibition? Neuropsychol Rev,
15(2), 59–71.
Boroojerdi, B., Prager, A., Muellbacher, W., & Cohen, L. G. (2000). Reduction
of human visual cortex excitability using 1-Hz transcranial magnetic stimulation.
Neurology, 54(7), 1529–31.
Bostan, A. C., Dum, R. P., & Strick, P. L. (2010). The basal ganglia communicate
with the cerebellum. Proc Natl Acad Sci U S A, 107(18), 8452–8456.
Brehmer, B., & Joyce, C. R. (1988). Human Judgment: The SJT View. Amsterdam:
North-Holland.
Brodmann, K. (1909). Vergleichende Lokalisationslehre der Grosshirnrinde in
ihren Prinzipien dargestellt auf Grund des Zellenbaues.. Leipzig: Barth.
Brown, S., & Martinez, M. J. (2007). Activation of premotor vocal areas during
musical discrimination. Brain Cogn, 63(1), 59–69.
Brown, S., Martinez, M. J., & Parsons, L. M. (2006). The neural basis of human
dance. Cereb Cortex, 16(8), 1157–67.
Buchel, C., & Sommer, M. (2004). What causes stuttering? PLoS Biol, 2(2), E46.
Buhusi, C. V., & Meck, W. H. (2005). What makes us tick? Functional and neural
mechanisms of interval timing. Nat Rev Neurosci, 6(10), 755–765.
Calvo-Merino, B., Glaser, D. E., Grezes, J., Passingham, R. E., & Haggard, P.
(2005). Action observation and acquired motor skills: an FMRI study with expert
dancers. Cereb Cortex, 15(8), 1243–9.
Calvo-Merino, B., Grezes, J., Glaser, D. E., Passingham, R. E., & Haggard, P.
(2006). Seeing or doing? Influence of visual and motor familiarity in action
observation. Curr Biol, 16(19), 1905–10.
Catani, M., Allin, M. P. G., Husain, M., Pugliese, L., Mesulam, M. M., Murray,
R. M., & Jones, D. K. (2007). Symmetries in human brain language pathways
correlate with verbal recall. Proc Natl Acad Sci U S A, 104(43), 17163–17168.
Catani, M., Jones, D. K., & Ffytche, D. H. (2005). Perisylvian language networks
of the human brain. Ann Neurol, 57(1), 8–16.
Catani, M., & Mesulam, M. (2008). The arcuate fasciculus and the disconnection
theme in language and aphasia: history and current state. Cortex, 44(8), 953–961.
186 Bibliography
Chavis, D. A., & Pandya, D. N. (1976). Further observations on corticofrontal
connections in the rhesus monkey. Brain Res, 117(3), 369–386.
Chen, J. L., Penhune, V. B., & Zatorre, R. J. (2008). Listening to musical rhythms
recruits motor regions of the brain. Cereb Cortex.
Chen, J. L., Penhune, V. B., & Zatorre, R. J. (2009). The role of auditory and
premotor cortex in sensorimotor transformations. Ann N Y Acad Sci, 1169, 15–
34.
Chen, J. L., Zatorre, R. J., & Penhune, V. B. (2006). Interactions between auditory
and dorsal premotor cortex during synchronization to musical rhythms. Neuroim-
age, 32(4), 1771–81.
Chen, R., Classen, J., Gerloff, C., Celnik, P., Wassermann, E. M., Hallett, M., &
Cohen, L. G. (1997). Depression of motor cortex excitability by low-frequency
transcranial magnetic stimulation. Neurology, 48(5), 1398–403.
Chollet, F., DiPiero, V., Wise, R. J., Brooks, D. J., Dolan, R. J., & Frackowiak,
R. S. (1991). The functional anatomy of motor recovery after stroke in humans:
a study with positron emission tomography. Ann Neurol, 29(1), 63–71.
Christensen, M. S., Lundbye-Jensen, J., Geertsen, S. S., Petersen, T. H., Paulson,
O. B., & Nielsen, J. B. (2007). Premotor cortex modulates somatosensory cortex
during voluntary movements without proprioceptive feedback. Nat Neurosci,
10(4), 417–419.
Cook, R. D., & Weisberg, S. (1980). Characterizations of an empirical influence
function for detecting influential cases in regression. Technometrics, 19, 15–18.
Cooksey, R. W. (1996). Judgment Analysis: Theory, Methods, and Applications..
San Diego: Academic Press.
Coull, J., vidal, F., Goulon, C., Nazarian, B., & Craig, C. (2008). Using Time-
to-Contact information to assess potential collision modulates both visual and
temporal prediction networks. Front Hum Neurosci, 2(10).
Coull, J. T., & Nobre, A. (2008). Dissociating explicit timing from temporal expec-
tation with fMRI. Curr Opin Neurobiol, 18(2), 137–44.
Coull, J. T., Vidal, F., Nazarian, B., & Macar, F. (2004). Functional anatomy of the
attentional modulation of time estimation. Science, 303(5663), 1506–8.
Cowey, A., & Walsh, V. (2000). Magnetically induced phosphenes in sighted, blind
and blindsighted observers. Neuroreport, 11(14), 3269–3273.
Crick, F. C., & Koch, C. (2005). What is the function of the claustrum? Philos
Trans R Soc Lond B Biol Sci, 360(1458), 1271–1279.
Bibliography 187
Cross, E. S., Hamilton, A. F., & Grafton, S. T. (2006). Building a motor simulation
de novo: observation of dance by dancers. Neuroimage, 31(3), 1257–67.
Cross, I. (2001). Music, cognition, culture, and evolution. Ann N Y Acad Sci, 930,
28–42.
Dancause, N., Barbay, S., Frost, S. B., Mahnken, J. D., & Nudo, R. J. (2007). Inter-
hemispheric connections of the ventral premotor cortex in a new world primate.
J Comp Neurol, 505(6), 701–15.
Dancause, N., Barbay, S., Frost, S. B., Plautz, E. J., Stowe, A. M., Friel, K. M., &
Nudo, R. J. (2006). Ipsilateral connections of the ventral premotor cortex in a
new world primate. J Comp Neurol, 495(4), 374–390.
D’Ausilio, A. (2009). Mirror-like mechanisms and music. ScientificWorldJournal,
9, 1415–1422.
Deacon, T. W. (1992). Cortical connections of the inferior arcuate sulcus cortex in
the macaque brain. Brain Res, 573(1), 8–26.
Drake, C., Jones, M. R., & Baruch, C. (2000). The development of rhythmic at-
tending in auditory sequences: attunement, referent period, focal attending. Cog-
nition, 77(3), 251–288.
Dum, R. P., & Strick, P. L. (1991). The origin of corticospinal projections from the
premotor areas in the frontal lobe. J Neurosci, 11(3), 667–89.
Dum, R. P., & Strick, P. L. (2002). Motor areas in the frontal lobe of the primate.
Physiol Behav, 77(4-5), 677–82.
Eerola, T., & Luck, G. (2006). An investigation of pre-schoolers’ corporeal syn-
chronization with music. In M. Baroni, A. Addessi, R. Caterina, & M. Costa
(Eds.) Proceedings of the 9th International Conference on Music Perception and
Cognition. Bologna: The Society for Music Perception and Cognition and Euro-
pean Society for the Cognitive Sciences of Music.
Fazio, P., Cantagallo, A., Craighero, L., D’Ausilio, A., Roy, A. C., Pozzo, T., Cal-
zolari, F., Granieri, E., & Fadiga, L. (2009). Encoding of human action in Broca’s
area. Brain, 132(Pt 7), 1980–1988.
Ferbert, A., Priori, A., Rothwell, J. C., Day, B. L., Colebatch, J. G., & Marsden,
C. D. (1992). Interhemispheric inhibition of the human motor cortex. J Physiol,
453, 525–46.
Ferrandez, A. M., Hugueville, L., Lehericy, S., Poline, J. B., Marsault, C., &
Pouthas, V. (2003). Basal ganglia and supplementary motor area subtend du-
ration perception: an fMRI study. Neuroimage, 19(4), 1532–44.
188 Bibliography
Fitzgerald, P. B., Fountain, S., & Daskalakis, Z. J. (2006). A comprehensive re-
view of the effects of rTMS on motor cortical excitability and inhibition. Clin
Neurophysiol, 117(12), 2584–96.
Foundas, A. L., Bollich, A. M., Corey, D. M., Hurley, M., & Heilman, K. M. (2001).
Anomalous anatomy of speech-language areas in adults with persistent develop-
mental stuttering. Neurology, 57(2), 207–15.
Fraisse, P. (1980). Anticipation et comportement, chap. Les synchronizations
sensori-motrices aux rythmes. [Sensorimotor synchronization to rhythms], (pp.
233–257). Paris: Centre National de la Recherche Scientifique.
Fraisse, P. (1982). Rhythm and tempo. In D. Deutsch (Ed.) The Psychology of
Music, (pp. 149–180). New York: Academic Press.
Friston, K. J. (1994). Statistical parametric mapping. In T. R. W., M. Hallet, Z. T.,
J. E. R., & H. M. (Eds.) Functional neuroimaging: technical foundations, (pp.
79–93). San Diego: Academic Press.
Friston, K. J., Fletcher, P., Josephs, O., Holmes, A., Rugg, M. D., & Turner, R.
(1998). Event-related fMRI: characterizing differential responses. Neuroimage,
7(1), 30–40.
Friston, K. J., Holmes, A. P., Poline, J. B., Grasby, P. J., Williams, S. C., Frack-
owiak, R. S., & Turner, R. (1995a). Analysis of fMRI time-series revisited. Neu-
roimage, 2(1), 45–53.
Friston, K. J., Holmes, A. P., Worsley, K. J., Poline, J. B., Frith, C. D., & Frack-
owiak, R. S. (1995b). Statistical parametric maps in functional imaging: a general
linear approach. Hum Brain Mapp, 2, 189–210.
Friston, K. J., & Price, C. J. (2003). Degeneracy and redundancy in cognitive
anatomy. Trends Cogn Sci, 7(4), 151–152.
Gerschlager, W., Siebner, H. R., & Rothwell, J. C. (2001). Decreased corticospinal
excitability after subthreshold 1 hz rTMS over lateral premotor cortex. Neurol-
ogy, 57(3), 449–55.
Geschwind, N. (1970). The organization of language and the brain. Science,
170(961), 940–944.
Ghosh, S., & Gattera, R. (1995). A comparison of the ipsilateral cortical projec-
tions to the dorsal and ventral subdivisions of the macaque premotor cortex. So-
matosens Mot Res, 12(3-4), 359–378.
Glasser, M. F., & Rilling, J. K. (2008). DTI tractography of the human brain’s
language pathways. Cereb Cortex, 18(11), 2471–2482.
Bibliography 189
Glickstein, M., May, J. G., & Mercier, B. E. (1985). Corticopontine projection in
the macaque: the distribution of labelled cortical cells after large injections of
horseradish peroxidase in the pontine nuclei. J Comp Neurol, 235(3), 343–359.
Gobet, F., Lane, P. C., Croker, S., Cheng, P. C.-H., Jones, G., Oliver, I., & Pine,
J. M. (2001). Chunking mechanisms in human learning. Trends Cogn Sci, 5(6),
236–243.
Goense, J., & Logothetis, N. K. (2010). Simultaneous EEG and fMRI. Recording
Analysis and Application, chap. Physiological Basis of the BOLD Signal, (pp.
21–45). Oxford University Press.
Goense, J. B. M., & Logothetis, N. K. (2008). Neurophysiology of the BOLD fMRI
signal in awake monkeys. Curr Biol, 18(9), 631–640.
Goldberg, G. (1985). Supplementary motor area structure and function: Review
and hypotheses. Behav Brain Sci, 8, 567–616.
Grabe, E., & Low, E. L. (2002). Durational variability in speech and the rhythm
class hypothesis. In C. Gussenhoven, & N. Warner (Eds.) Laboratory Phonology
7, (pp. 515–546). Berlin: Mouton de Gruyter.
Grahn, J. A. (2009). The role of the basal ganglia in beat perception: neuroimaging
and neuropsychological investigations. Ann N Y Acad Sci, 1169, 35–45.
Grahn, J. A., & Brett, M. (2007). Rhythm and beat perception in motor areas of the
brain. J Cogn Neurosci, 19(5), 893906.
Grahn, J. A., & Brett, M. (2009). Impairment of beat-based rhythm discrimination
in Parkinson’s disease. Cortex, 45(1), 54–61.
Grahn, J. A., & Rowe, J. B. (2009). Feeling the beat: premotor and striatal interac-
tions in musicians and nonmusicians during beat perception. J Neurosci, 29(23),
7540–8.
Graziano, M. S., & Gandhi, S. (2000). Location of the polysensory zone in the
precentral gyrus of anesthetized monkeys. Exp Brain Res, 135(2), 259–266.
Graziano, M. S., Reiss, L. A., & Gross, C. G. (1999). A neuronal representation of
the location of nearby sounds. Nature, 397(6718), 428–430.
Grefkes, C., Nowak, D. A., Eickhoff, S. B., Dafotakis, M., Kust, J., Karbe, H., &
Fink, G. R. (2008). Cortical connectivity after subcortical stroke assessed with
functional magnetic resonance imaging. Ann Neurol, 63(2), 236–46.
Groswasser, Z., Korn, C., Groswasser-Reider, I., & Solzi, P. (1988). Mutism as-
sociated with buccofacial apraxia and bihemispheric lesions. Brain Lang, 34(1),
157–68.
190 Bibliography
Grush, R. (2004). The emulation theory of representation: motor control, imagery,
and perception. Behav Brain Sci, 27(3), 377–96; discussion 396–442.
Gusnard, D. A., & Raichle, M. E. (2001). Searching for a baseline: functional
imaging and the resting human brain. Nat Rev Neurosci, 2(10), 685–94.
Habas, C., Kamdar, N., Nguyen, D., Prater, K., Beckmann, C. F., Menon, V., &
Greicius, M. D. (2009). Distinct cerebellar contributions to intrinsic connectivity
networks. J Neurosci, 29(26), 8586–8594.
Hanakawa, T., Fukuyama, H., Katsumi, Y., Honda, M., & Shibasaki, H. (1999).
Enhanced lateral premotor activity during paradoxical gait in Parkinson’s disease.
Ann Neurol, 45(3), 329–36.
Hannon, E. E., & Johnson, S. P. (2005). Infants use meter to categorize rhythms
and melodies: implications for musical structure learning. Cogn Psychol, 50(4),
354–377.
Hannon, E. E., & Trainor, L. J. (2007). Music acquisition: effects of enculturation
and formal training on development. Trends Cogn Sci, 11(11), 466–472.
Hannon, E. E., & Trehub, S. E. (2005a). Metrical categories in infancy and adult-
hood. Psychol Sci, 16(1), 48–55.
Hannon, E. E., & Trehub, S. E. (2005b). Tuning in to musical rhythms: infants learn
more readily than adults. Proc Natl Acad Sci U S A, 102(35), 12639–12643.
Hebert, S., & Cuddy, L. L. (2002). Detection of metric structure in auditory figural
patterns. Percept Psychophys, 64(6), 909–918.
Hickok, G., & Poeppel, D. (2004). Dorsal and ventral streams: a framework for
understanding aspects of the functional anatomy of language. Cognition, 92(1-
2), 67–99.
Hickok, G., & Poeppel, D. (2007). The cortical organization of speech processing.
Nat Rev Neurosci, 8(5), 393–402.
Hoshi, E., & Tanji, J. (2007). Dinstinctions between dorsal and ventral premotor
areas: anatomical connectivity and functional properties. Current Opinion in
Neurobiology, 17, 234–242.
Innocenti, G. (1986). Cerebral Cortex, chap. The general organization of callosal
connections in the cerebral cortex, (pp. 291–354). New York: Plenum Press.
Jacobsen, T. (2004). Individual and group modelling of aesthetic judgment strate-
gies. Br J Psychol, 95(Pt 1), 41–56.
Jacobsen, T., Schubotz, R. I., Hoefel, L., & von Cramon, D. Y. (2006). Brain
correlates of aesthetic judgment of beauty. Neuroimage, 29(1), 276285.
Bibliography 191
Janata, P., & Grafton, S. T. (2003). Swinging in the brain: shared neural substrates
for behaviors related to sequencing and music. Nat Neurosci, 6(7), 682687.
Jancke, L., Loose, R., Lutz, K., Specht, K., & Shah, N. J. (2000). Cortical acti-
vations during paced finger-tapping applying visual and auditory pacing stimuli.
Brain Res Cogn Brain Res, 10(1-2), 51–66.
Jeannerod, M. (1985). The brain machine: the development of neurophysiological
thought. Harvard University Press.
Josephs, O., Turner, R., & Friston, K. J. (1997). Event-related fMRI. Hum Brain
Mapp, 5, 243–248.
Jurgens, U. (2002). Neural pathways underlying vocal control. Neurosci Biobehav
Rev, 26(2), 235–58.
Jurgens, U. (2008). The neural control of vocalization in mammals: A review. J
Voice.
Jurgens, U., & von Cramon, D. Y. (1982). On the role of the anterior cingulate
cortex in phonation: a case report. Brain Lang, 15(2), 234–48.
Kavounoudias, A., Roll, J. P., Anton, J. L., Nazarian, B., Roth, M., & Roll, R.
(2008). Proprio-tactile integration for kinesthetic perception: an fMRI study.
Neuropsychologia, 46(2), 567–575.
Kawashima, R., Okuda, J., Umetsu, A., Sugiura, M., Inoue, K., Suzuki, K., Tabuchi,
M., Tsukiura, T., Narayan, S. L., Nagasaka, T., Yanagawa, I., Fujii, T., Takahashi,
S., Fukuda, H., & Yamadori, A. (2000). Human cerebellum plays an important
role in memory-timed finger movement: an fMRI study. J Neurophysiol, 83(2),
1079–87.
Kell, C. A., Neumann, K., von Kriegstein, K., Posenenske, C., von Gudenberg,
A. W., Euler, H., & Giraud, A.-L. (2009). How the brain repairs stuttering. Brain,
132(Pt 10), 2747–2760.
Kelly, R. M., & Strick, P. L. (2003). Cerebellar loops with motor cortex and pre-
frontal cortex of a nonhuman primate. J Neurosci, 23(23), 8432–44.
Keysers, C., Kohler, E., Umilt, M. A., Nanetti, L., Fogassi, L., & Gallese, V. (2003).
Audiovisual mirror neurons and action recognition. Exp Brain Res, 153(4), 628–
636.
Kirschner, S., & Tomasello, M. (2009). Joint drumming: social context facilitates
synchronization in preschool children. J Exp Child Psychol, 102(3), 299–314.
Kleber, B., Birbaumer, N., Veit, R., Trevorrow, T., & Lotze, M. (2007). Overt and
imagined singing of an Italian aria. Neuroimage, 36(3), 889–900.
192 Bibliography
Koelsch, S., Fritz, T., von Cramon, D. Y., Muller, K., & Friederici, A. D. (2006).
Investigating emotion with music: an fMRI study. Hum Brain Mapp, 27(3),
239–50.
Kohler, E., Keysers, C., Umilt, M. A., Fogassi, L., Gallese, V., & Rizzolatti, G.
(2002). Hearing sounds, understanding actions: action representation in mirror
neurons. Science, 297(5582), 846–848.
Kornysheva, K., & Schubotz, R. I. (submitted). Impairment of auditory-motor tim-
ing and compensatory reorganization after ventral premotor cortex stimulation.
Kornysheva, K., von Anshelm-Schiffer, A.-M., & Schubotz, R. I. (in press). In-
hibitory stimulation of the ventral premotor cortex temporarily interferes with
musical beat rate preference. Hum Brain Mapp.
Kornysheva, K., von Cramon, D. Y., Jacobsen, T., & Schubotz, R. I. (2010). Tuning-
in to the beat: aesthetic appreciation of musical rhythms correlates with a premo-
tor activity boost. Hum Brain Mapp, 31(1), 48–64.
Kurata, K. (1991). Corticocortical inputs to the dorsal and ventral aspects of the
premotor cortex of macaque monkeys. Neurosci Res, 12(1), 263–280.
Lahav, A., Saltzman, E., & Schlaug, G. (2007). Action representation of sound:
audiomotor recognition network while listening to newly acquired actions. J
Neurosci, 27(2), 308–14.
Laird, A. R., Fox, P. M., Price, C. J., Glahn, D. C., Uecker, A. M., Lancaster,
J. L., Turkeltaub, P. E., Kochunov, P., & Fox, P. T. (2005). ALE meta-analysis:
controlling the false discovery rate and performing statistical contrasts. Hum
Brain Mapp, 25(1), 155–64.
Lancaster, J. L., Tordesillas-Gutierrez, D., Martinez, M., Salinas, F., Evans, A.,
Zilles, K., Mazziotta, J. C., & Fox, P. T. (2007). Bias between MNI and Talairach
coordinates analyzed using the ICBM-152 brain template. Hum Brain Mapp,
28(11), 1194–205.
Large, E. W. (2000). On synchronizing movements to music. Human Movement
Science, 19(14), 527–566.
Lee, L., Siebner, H. R., Rowe, J. B., Rizzo, V., Rothwell, J. C., Frackowiak, R. S.,
& Friston, K. J. (2003). Acute remapping within the motor system induced by
low-frequency repetitive transcranial magnetic stimulation. J Neurosci, 23(12),
5308–18.
Leman, M. (2008). Embodied music cognition and mediation technology. Cam-
bridge, MA: MIT Press.
Bibliography 193
Lewis, P. A., & Miall, R. C. (2003). Distinct systems for automatic and cogni-
tively controlled time measurement: evidence from neuroimaging. Curr Opin
Neurobiol, 13(2), 250255.
Lewis, P. A., Wing, A. M., Pope, P. A., Praamstra, P., & Miall, R. C. (2004). Brain
activity correlates differentially with increasing temporal complexity of rhythms
during initialisation, synchronisation, and continuation phases of paced finger
tapping. Neuropsychologia, 42(10), 1301–12.
Liberman, A. M., Cooper, F. S., Shankweiler, D. P., & Studdert-Kennedy, M.
(1967). Perception of the speech code. Psychol Rev, 74(6), 431–61.
Liberman, A. M., & Whalen, D. H. (2000). On the relation of speech to language.
Trends Cogn Sci, 4(5), 187–196.
Liepert, J., Zittel, S., & Weiller, C. (2007). Improvement of dexterity by single ses-
sion low-frequency repetitive transcranial magnetic stimulation over the contrale-
sional motor cortex in acute stroke: a double-blind placebo-controlled crossover
trial. Restor Neurol Neurosci, 25(5-6), 461–465.
Lobel, E., Kleine, J. F., Bihan, D. L., Leroy-Willig, A., & Berthoz, A. (1998).
Functional MRI of galvanic vestibular stimulation. J Neurophysiol, 80(5), 2699–
709.
Logothetis, N. K. (2008). What we can do and what we cannot do with fMRI.
Nature, 453(7197), 869–78.
Logothetis, N. K., Pauls, J., Augath, M., Trinath, T., & Oeltermann, A. (2001). Neu-
rophysiological investigation of the basis of the fMRI signal. Nature, 412(6843),
150–157.
Lohmann, G., Muller, K., Bosch, V., Mentzel, H., Hessler, S., Chen, L., Zysset, S.,
& von Cramon, D. Y. (2001). Lipsia - a new software system for the evaluation of
functional magnetic resonance images of the human brain. Comput Med Imaging
Graph, 25(6), 449–57.
Maeda, F., Keenan, J. P., Tormos, J. M., Topka, H., & Pascual-Leone, A. (2000).
Modulation of corticospinal excitability by repetitive transcranial magnetic stim-
ulation. Clin Neurophysiol, 111(5), 800–5.
Malcolm, M. P., Lavine, A., Kenyon, G., Massie, C., & Thaut, M. (2008). Repet-
itive transcranial magnetic stimulation interrupts phase synchronization during
rhythmic motor entrainment. Neurosci Lett, 435(3), 240–5.
Matelli, M., & Luppino, G. (2001). Parietofrontal circuits for action and space
perception in the macaque monkey. Neuroimage, 14, S27–S32.
194 Bibliography
Matsumoto, R., Nair, D. R., LaPresto, E., Najm, I., Bingaman, W., Shibasaki, H., &
Luders, H. O. (2004). Functional connectivity in the human language system: a
cortico-cortical evoked potential study. Brain, 127(Pt 10), 2316–2330.
Maturana, H., & Varela, F. (1992). The tree of knowledge: the biological roots of
human understanding. Shambhala Publications.
Mauk, M. D., & Buonomano, D. V. (2004). The neural basis of temporal processing.
Annu Rev Neurosci, 27, 307–340.
McAuley, J. D., Jones, M. R., Holub, S., Johnston, H. M., & Miller, N. S. (2006).
The time of our lives: life span development of timing and event tracking. J Exp
Psychol Gen, 135(3), 348–67.
McFarland, N. R., & Haber, S. N. (2000). Convergent inputs from thalamic motor
nuclei and frontal cortical areas to the dorsal striatum in the primate. J Neurosci,
20(10), 3798–3813.
McIntosh, G. C., Brown, S. H., Rice, R. R., & Thaut, M. H. (1997). Rhythmic
auditory-motor facilitation of gait patterns in patients with Parkinson’s disease. J
Neurol Neurosurg Psychiatry, 62(1), 22–6.
Meister, I. G., Wilson, S. M., Deblieck, C., Wu, A. D., & Iacoboni, M. (2007).
The essential role of premotor cortex in speech perception. Curr Biol, 17(19),
1692–6.
Meyer, M., Steinhauer, K., Alter, K., Friederici, A. D., & von Cramon, D. Y.
(2004). Brain activity varies with modulation of dynamic pitch variance in sen-
tence melody. Brain Lang, 89(2), 277–89.
Middleton, F. A., & Strick, P. L. (1997). Dentate output channels: motor and cog-
nitive components. Prog Brain Res, 114, 553–566.
Miller, G. A. (1956). The magical number seven plus or minus two: some limits on
our capacity for processing information. Psychol Rev, 63(2), 81–97.
Mills, K. R., & Nithi, K. A. (1997). Corticomotor threshold to magnetic stimulation:
normal values and repeatability. Muscle Nerve, 20(5), 570–6.
Mishory, A., Molnar, C., Koola, J., Li, X., Kozel, F. A., Myrick, H., Stroud, Z.,
Nahas, Z., & George, M. S. (2004). The maximum-likelihood strategy for de-
termining transcranial magnetic stimulation motor threshold, using parameter es-
timation by sequential testing is faster than conventional methods with similar
precision. J ECT , 20(3), 160–5.
Moelants, D. (2002). Preferred tempo reconsidered. In C. Stevens (Ed.) 7th Inter-
national Conference on Music Perception and Cognition, (pp. 580–583). Sydney.
Bibliography 195
Moelants, D. (2003). Dance music, movement and tempo preferences. In R. Kopiez
(Ed.) 5th Triennial ESCOM Conference, (pp. 649–652). Hanover.
Mori, S., Nakajima, K., Mori, F., & Matsuyama, K. (2004). Integration of multiple
motor segments for the elaboration of locomotion: role of the fastigial nucleus of
the cerebellum. Prog Brain Res, 143, 341–351.
Murase, N., Duque, J., Mazzocchio, R., & Cohen, L. G. (2004). Influence of inter-
hemispheric interactions on motor function in chronic stroke. Ann Neurol, 55(3),
400–409.
Nakano, K., Kayahara, T., Tsutsumi, T., & Ushiro, H. (2000). Neural circuits and
functional organization of the striatum. J Neurol, 247 Suppl 5, V1–15.
Nenadic, I., Gaser, C., Volz, H. P., Rammsayer, T., Hager, F., & Sauer, H. (2003).
Processing of temporal information and the basal ganglia: new evidence from
fMRI. Exp Brain Res, 148(2), 238–46.
Nettl, B. (2000). An ethnomusicologist contemplates universals in musical sound
and musical culture. In N. L. Wallin, B. Merker, & S. Brown (Eds.) The Origins
of Music, (pp. 463–472). Cambridge, MA: MIT Press.
Nichols, T., Brett, M., Andersson, J., Wager, T., & Poline, J.-B. (2005). Valid
conjunction inference with the minimum statistic. Neuroimage, 25(3), 653–660.
Nieuwenhuys, R., Voogd, J., & Huijzen, C. v. (2008). The Human Central Nervous
System. A Synopsis and Atlas.. Springer, 4th ed.
Norris, D. G. (2000). Reduced power multislice MDEFT imaging. J Magn Reson
Imaging, 11(4), 445–51.
Nowak, D. A., Grefkes, C., Dafotakis, M., Eickhoff, S., Kst, J., Karbe, H., & Fink,
G. R. (2008). Effects of low-frequency repetitive transcranial magnetic stimu-
lation of the contralesional primary motor cortex on movement kinematics and
neural activity in subcortical stroke. Arch Neurol, 65(6), 741–747.
Ogawa, S., Lee, T. M., Nayak, A. S., & Glynn, P. (1990). Oxygenation-sensitive
contrast in magnetic resonance image of rodent brain at high magnetic fields.
Magn Reson Med, 14(1), 68–78.
Okuma, Y. (2006). Freezing of gait in Parkinson’s disease. J Neurol, 253 Suppl 7,
VII27VII32.
Oldfield, R. C. (1971). The assessment and analysis of handedness: the Edinburgh
inventory. Neuropsychologia, 9(1), 97–113.
Olmo, M. F. D., Cheeran, B., Koch, G., & Rothwell, J. C. (2007). Role of the cere-
bellum in externally paced rhythmic finger movements. J Neurophysiol, 98(1),
145–152.
196 Bibliography
O’Reilly, J. X., Mesulam, M. M., & Nobre, A. C. (2008). The cerebellum predicts
the timing of perceptual events. J Neurosci, 28(9), 2252–2260.
O’Shea, J., Johansen-Berg, H., Trief, D., Gobel, S., & Rushworth, M. F. (2007).
Functionally specific reorganization in human premotor cortex. Neuron, 54(3),
479–90.
Ozdemir, E., Norton, A., & Schlaug, G. (2006). Shared and distinct neural correlates
of singing and speaking. Neuroimage, 33(2), 628–35.
Pascual-Leone, A., Walsh, V., & Rothwell, J. (2000). Transcranial magnetic stim-
ulation in cognitive neurosciencevirtual lesion, chronometry, and functional con-
nectivity. Curr Opin Neurobiol, 10(2), 232–7.
Passingham, R. E. (2007). Commentary on Devlin and Poldrack. Neuroimage,
37(4), 1055–6; discussion 1066–8.
Passingham, R. E., Stephan, K. E., & Koetter, R. (2002). The anatomical basis of
functional localization in the cortex. Nat Rev Neurosci, 3(8), 606–616.
Patel, A. (2008). Music, Language, and the Brain. Oxford University Press, USA.
Patel, A. D. (2003). Rhythm in language and music: parallels and differences. Ann
N Y Acad Sci, 999, 140–143.
Patel, A. D., Iversen, J. R., Bregman, M. R., & Schulz, I. (2009). Experimental
evidence for synchronization to a musical beat in a nonhuman animal. Curr Biol,
19(10), 827–830.
Patel, A. D., Iversen, J. R., Chen, Y., & Repp, B. H. (2005). The influence of
metricality and modality on synchronization with a beat. Exp Brain Res, 163(2),
226–238.
Paus, T. (2001). Primate anterior cingulate cortex: where motor control, drive and
cognition interface. Nat Rev Neurosci, 2(6), 417–24.
Paus, T., Jech, R., Thompson, C. J., Comeau, R., Peters, T., & Evans, A. C. (1997).
Transcranial magnetic stimulation during positron emission tomography: a new
method for studying connectivity of the human cerebral cortex. J Neurosci, 17(9),
3178–84.
Paus, T., Marrett, S., Worsley, K., & Evans, A. (1996). Imaging motor-to-sensory
discharges in the human brain: an experimental tool for the assessment of func-
tional connectivity. Neuroimage, 4(2), 78–86.
Penfield, W., & Rasmussen, T. (1952). The cerebral cortex of man. New York:
Macmillan.
Bibliography 197
Peretz, I. (2001). Brain specialization for music. New evidence from congenital
amusia. Ann N Y Acad Sci, 930, 153–165.
Peretz, I., Champod, A. S., & Hyde, K. (2003). Varieties of musical disorders. the
montreal battery of evaluation of amusia. Ann N Y Acad Sci, 999, 58–75.
Perry, D. W., Zatorre, R. J., Petrides, M., Alivisatos, B., Meyer, E., & Evans, A. C.
(1999). Localization of cerebral activity during simple singing. Neuroreport,
10(16), 3453–8.
Peters, A., & Jones, E. G. (1985). Cerebral Cortex, vol. 4. New York: Plenum
Press.
Phillips-Silver, J., & Trainor, L. J. (2005). Feeling the beat: movement influences
infant rhythm perception. Science, 308(5727), 1430.
Phillips-Silver, J., & Trainor, L. J. (2007). Hearing what the body feels: auditory
encoding of rhythmic movement. Cognition, 105(3), 533–46.
Phillips-Silver, J., & Trainor, L. J. (2008). Vestibular influence on auditory metrical
interpretation. Brain Cogn, 67(1), 94–102.
Pike, K. (1945). The Intonation of American English. Ann Arbor: University of
Michigan Press.
Platel, H., Price, C., Baron, J. C., Wise, R., Lambert, J., Frackowiak, R. S., Lecheva-
lier, B., & Eustache, F. (1997). The structural components of music perception.
A functional anatomical study. Brain, 120 ( Pt 2), 229–43.
Pollok, B., Krause, V., Butz, M., & Schnitzler, A. (2009). Modality specific func-
tional interaction in sensorimotor synchronization. Hum Brain Mapp.
Poulet, J. F., & Hedwig, B. (2006). The cellular basis of a corollary discharge.
Science, 311(5760), 518–22.
Preuss, T. M., Stepniewska, I., & Kaas, J. H. (1996). Movement representation in
the dorsal and ventral premotor areas of owl monkeys: a microstimulation study.
J Comp Neurol, 371(4), 649–676.
Ramnani, N. (2006). The primate cortico-cerebellar system: anatomy and function.
Nat Rev Neurosci, 7(7), 511–522.
Rao, S. M., Harrington, D. L., Haaland, K. Y., Bobholz, J. A., Cox, R. W., & Binder,
J. R. (1997). Distributed neural systems underlying the timing of movements. J
Neurosci, 17(14), 5528–35.
Rao, S. M., Mayer, A. R., & Harrington, D. L. (2001). The evolution of brain
activation during temporal processing. Nat Neurosci, 4(3), 317–23.
198 Bibliography
Rauschecker, A. M., Pringle, A., & Watkins, K. E. (2007). Changes in neural ac-
tivity associated with learning to articulate novel auditory pseudowords by covert
repetition. Hum Brain Mapp, (pp. 1231–42).
Rauschecker, J. P., & Scott, S. K. (2009). Maps and streams in the auditory cortex:
nonhuman primates illuminate human speech processing. Nat Neurosci, 12(6),
718–724.
Rauschecker, J. P., & Tian, B. (2000). Mechanisms and streams for processing
of ”what” and ”where” in auditory cortex. Proc Natl Acad Sci U S A, 97(22),
11800–6.
Ren, C., Tarjan, P. P., & Popovi, D. B. (1995). A novel electric design for electro-
magnetic stimulation–the slinky coil. IEEE Trans Biomed Eng, 42(9), 918–925.
Repp, B. H. (2005). Sensorimotor synchronization: a review of the tapping litera-
ture. Psychon Bull Rev, 12(6), 969–992.
Riecker, A., Ackermann, H., Wildgruber, D., Dogil, G., & Grodd, W. (2000). Op-
posite hemispheric lateralization effects during speaking and singing at motor
cortex, insula and cerebellum. Neuroreport, 11(9), 1997–2000.
Rilling, J. K., Glasser, M. F., Preuss, T. M., Ma, X., Zhao, T., Hu, X., & Behrens,
T. E. (2008). The evolution of the arcuate fasciculus revealed with comparative
DTI. Nat Neurosci, 11(4), 426–8.
Rizzolatti, G. (2000). Handbook of Neuropsychology, vol. 1. Amsterdam, 2 ed.
Rizzolatti, G., Camarda, R., Fogassi, L., Gentilucci, M., Luppino, G., & Matelli,
M. (1988). Functional organization of inferior area 6 in the macaque monkey. II.
Area F5 and the control of distal movements. Exp Brain Res, 71(3), 491–507.
Rizzolatti, G., Fogassi, L., & Gallese, V. (2002). Motor and cognitive functions of
the ventral premotor cortex. Curr Opin Neurobiol, 12(2), 149–154.
Rizzolatti, G., Gentilucci, M., Fogassi, L., Luppino, G., Matelli, M., & Ponzoni-
Maggi, S. (1987). Neurons related to goal-directed motor acts in inferior area 6
of the macaque monkey. Exp Brain Res, 67(1), 220–4.
Rossi, S., Hallett, M., Rossini, P. M., Pascual-Leone, A., & of TMS Consen-
sus Group, S. (2009). Safety, ethical considerations, and application guidelines
for the use of transcranial magnetic stimulation in clinical practice and research.
Clin Neurophysiol, 120(12), 2008–2039.
Rossini, P. M., Barker, A. T., Berardelli, A., Caramia, M. D., Caruso, G., Cracco,
R. Q., Dimitrijevic, M. R., Hallett, M., Katayama, Y., & et al, C. H. L. (1994).
Non-invasive electrical and magnetic stimulation of the brain, spinal cord and
roots: basic principles and procedures for routine clinical application. Report of
an IFCN committee. Electroencephalogr Clin Neurophysiol, 91(2), 79–92.
Bibliography 199
Rothwell, J. C., Hallett, M., Berardelli, A., Eisen, A., Rossini, P., & Paulus, W.
(1999). Magnetic stimulation: motor evoked potentials. The International Feder-
ation of Clinical Neurophysiology. Electroencephalogr Clin Neurophysiol Suppl,
52, 97–103.
Sacks, O. (2006). The power of music. Brain, 129, 2528–2532.
Sadaghiani, S., Ugurbil, K., & Uludag, K. (2009). Neural activity-induced modu-
lation of bold poststimulus undershoot independent of the positive signal. Magn
Reson Imaging, 27(8), 1030–1038.
Sadato, N., Campbell, G., Ibez, V., Deiber, M., & Hallett, M. (1996). Complexity
affects regional cerebral blood flow change during sequential finger movements.
J Neurosci, 16(8), 2691–2700.
Sanides, F. (1962). Die Architektonik des menschlichen Stirnhirns. San Diego:
Springer.
Saur, D., Kreher, B. W., Schnell, S., Kmmerer, D., Kellmeyer, P., Vry, M.-S.,
Umarova, R., Musso, M., Glauche, V., Abel, S., Huber, W., Rijntjes, M., Hennig,
J., & Weiller, C. (2008). Ventral and dorsal pathways for language. Proc Natl
Acad Sci U S A, 105(46), 18035–18040.
Schachner, A., Brady, T. F., Pepperberg, I. M., & Hauser, M. D. (2009). Sponta-
neous motor entrainment to music in multiple vocal mimicking species. Curr
Biol, 19(10), 831–836.
Schmahmann, J., & Pandya, D. (2006). Fiber pathways of the brain.. New York:
Oxford University Press.
Schmahmann, J. D., Doyon, J., Toga, A. W., Petrides, M., & Evans, A. C. (2000).
MRI Atlas of the Human Cerebellum. San Diego: Academic Press.
Schmahmann, J. D., & Pandya, D. N. (2008). Disconnection syndromes of basal
ganglia, thalamus, and cerebrocerebellar systems. Cortex, 44(8), 1037–1066.
Schubotz, R. I. (2007). Prediction of external events with our motor system: towards
a new framework. Trends Cogn Sci, 11(5), 211218.
Schubotz, R. I., Anwander, A., Knoesche, T. R., von Cramon, D. Y., & Tittgemeyer,
M. (2010). Anatomical and functional parcellation of the human lateral premotor
cortex. Neuroimage, 50(2), 396–408.
Schubotz, R. I., Friederici, A. D., & von Cramon, D. Y. (2000). Time perception
and motor timing: a common cortical and subcortical basis revealed by fMRI.
Neuroimage, 11(1), 112.
200 Bibliography
Schubotz, R. I., Sakreida, K., Tittgemeyer, M., & von Cramon, D. Y. (2004). Motor
areas beyond motor performance: deficits in serial prediction following ventro-
lateral premotor lesions. Neuropsychology, 18(4), 638–45.
Schubotz, R. I., & von Cramon, D. Y. (2001a). Functional organization of the
lateral premotor cortex: fMRI reveals different regions activated by anticipation
of object properties, location and speed. Brain Res Cogn Brain Res, 11(1), 97112.
Schubotz, R. I., & von Cramon, D. Y. (2001b). Interval and ordinal properties
of sequences are associated with distinct premotor areas. Cereb Cortex, 11(3),
210222.
Schubotz, R. I., & von Cramon, D. Y. (2002a). A blueprint for target motion: fMRI
reveals perceived sequential complexity to modulate premotor cortex. Neuroim-
age, 16(4), 920935.
Schubotz, R. I., & von Cramon, D. Y. (2002b). Predicting perceptual events acti-
vates corresponding motor schemes in lateral premotor cortex: an fMRI study.
Neuroimage, 15(4), 787–796.
Schubotz, R. I., & von Cramon, D. Y. (2003). Functional-anatomical concepts of
human premotor cortex: evidence from fMRI and PET studies. Neuroimage, 20
Suppl 1, S120S131.
Schubotz, R. I., von Cramon, D. Y., & Lohmann, G. (2003). Auditory what, where,
and when: a sensory somatotopy in lateral premotor cortex. Neuroimage, 20(1),
173185.
Shergill, S. S., Tracy, D. K., Seal, M., Rubia, K., & McGuire, P. (2006). Timing of
covert articulation: an fMRI study. Neuropsychologia, 44(12), 2573–7.
Siebner, H. R., Lang, N., Rizzo, V., Nitsche, M. A., Paulus, W., Lemon, R. N., &
Rothwell, J. C. (2004). Preconditioning of low-frequency repetitive transcranial
magnetic stimulation with transcranial direct current stimulation: evidence for
homeostatic plasticity in the human motor cortex. J Neurosci, 24(13), 3379–85.
Siebner, H. R., & Ziemann, U. (2007). Das TMS-Buch: Handbuch der tran-
skraniellen Magnetstimulation, chap. Hirnstimulation - Physiologische Grund-
lagen, (pp. 28–44). Heidelberg: Springer.
Silvanto, J., Muggleton, N., & Walsh, V. (2008). State-dependency in brain stimu-
lation studies of perception and cognition. Trends Cogn Sci, 12(12), 447–54.
Simmonds, D. J., Fotedar, S. G., Suskauer, S. J., Pekar, J. J., Denckla, M. B., &
Mostofsky, S. H. (2007). Functional brain correlates of response time variability
in children. Neuropsychologia, 45(9), 2147–2157.
Snodgrass, J. G., & Corwin, J. (1988). Pragmatics of measuring recognition mem-
ory: applications to dementia and amnesia. J Exp Psychol Gen, 117(1), 34–50.
Bibliography 201
Spencer, R. M. C., Verstynen, T., Brett, M., & Ivry, R. (2007). Cerebellar activation
during discrete and not continuous timed movements: an fmri study. Neuroimage,
36(2), 378–387.
Sperry, R. W. (1950). Neural basis of the spontaneous optokinetic response pro-
duced by visual inversion. J Comp Physiol Psychol, 43(6), 482–9.
Spohr, W. (1951). Mozart, Leben und Werk: Briefe, Zeitberichte, Dokumente,
Bilder. Verlag der Nation.
Steward, T. R. (1988). Judgment analysis. In B. Brehmer, & C. R. Joyce (Eds.)
Human Judgment, (pp. 41–74). Elsevier.
Stinear, C. M., Barber, P. A., Smale, P. R., Coxon, J. P., Fleming, M. K., & By-
blow, W. D. (2007). Functional potential in chronic stroke patients depends on
corticospinal tract integrity. Brain, 130(Pt 1), 170–180.
Stoodley, C. J., & Schmahmann, J. D. (2009). The cerebellum and language: evi-
dence from patients with cerebellar degeneration. Brain Lang, 110(3), 149–153.
Strick, P. L. (2004). The cognitive neurosciences, chap. Basal ganglia and cerebellar
circuits with cerebral cortex, (pp. 453–462). Cambridge, MA: MIT Press.
Strick, P. L., Dum, R. P., & Fiez, J. A. (2009). Cerebellum and nonmotor function.
Annu Rev Neurosci, 32, 413–434.
Styns, F., van Noorden, L., Moelants, D., & Leman, M. (2007). Walking on music.
Hum Mov Sci.
Talairach, J., & Tournoux, P. (1988). Co-planar stereotaxic atlas of the human
brain.. New York: Thieme.
Tesche, C. D., & Karhu, J. J. (2000). Anticipatory cerebellar responses during
somatosensory omission in man. Hum Brain Mapp, 9(3), 119–142.
Thaut, M. H. (2003). Neural basis of rhythmic timing networks in the human brain.
Ann N Y Acad Sci, 999, 364–73.
Thaut, M. H., Kenyon, G. P., Schauer, M. L., & McIntosh, G. C. (1999). The
connection between rhythmicity and brain function. IEEE Eng Med Biol Mag,
18(2), 101–8.
Thaut, M. H., McIntosh, K. W., McIntosh, G. C., & Hoemberg, V. (2001). Audi-
tory rhythmicity enhances movement and speech motor control in patients with
parkinson’s disease. Funct Neurol, 16(2), 163–72.
Thobois, S., Dominey, P. F., Decety, J., Pollak, P. P., Gregoire, M. C., Bars, P. D. L.,
& Broussolle, E. (2000). Motor imagery in normal subjects and in asymmetrical
parkinson’s disease: a PET study. Neurology, 55(7), 996–1002.
202 Bibliography
Todd, N., O’Boyle, D. J., & C.Lee (1999). A sensory-motor theory of rhythm, time
perception and beat induction. Journal of New Music Research, 28, 5–28.
Todd, N. P. M., Cousins, R., & Lee, C. S. (2007). The contribution of anthropo-
metric factors to individual differences in the perception of rhythm. Empirical
Musicology Review, 2, 1–13.
Toma, K., Ozawa, M., Matsuo, K., Nakai, T., Fukuyama, H., & Sato, S. (2003).
The role of the human supplementary motor area in reactive motor operation.
Neurosci Lett, 344(3), 177–180.
Trainor, L. J. (2007). Do preferred beat rate and entrainment to the beat have a
common origin in movement? Empirical Musicology Review, 2(1), 17–20.
Trainor, L. J. (2008). Science & music: the neural roots of music. Nature,
453(7195), 598–9.
Trainor, L. J., Wu, L., & Tsang, C. D. (2004). Long-term memory for music: infants
remember tempo and timbre. Dev Sci, 7(3), 289–96.
van Noorden, L., & Moelants, D. (1999). Resonance in the perception of musical
pulse. Journal of New Music Research, 28, 43–66.
van Wegen, E., Lim, I., de Goede, C., Nieuwboer, A., Willems, A., Jones, D.,
Rochester, L., Hetherington, V., Berendse, H., Zijlmans, J., Wolters, E., &
Kwakkel, G. (2006). The effects of visual rhythms and optic flow on stride pat-
terns of patients with parkinson’s disease. Parkinsonism Relat Disord, 12(1),
21–7.
von Holst, E., & Mittelstaedt, H. (1950). Das Reafferenzprinzip. Wechselwirkungen
zwischen Zentralnervensystem und Peripherie. Naturwissenschaften, 37, 464–
476.
von Monakow, K. H., Akert, K., & Kuenzle, H. (1981). Projection of precentral,
premotor and prefrontal cortex to the basilar pontine grey and to nucleus reticu-
laris tegmenti pontis in the monkey (macaca fascicularis). Schweiz Arch Neurol
Neurochir Psychiatr, 129(2), 189–208.
Wallin, N. L., B., M., & S., B. (2001). The origins of music.. Cambridge: MIT
Press.
Warren, J. E., Wise, R. J. S., & Warren, J. D. (2005). Sounds do-able: auditory-
motor transformations and the posterior temporal plane. Trends Neurosci, 28(12),
636–643.
Wassermann, E. M. (1998). Risk and safety of repetitive transcranial magnetic
stimulation: report and suggested guidelines from the International Workshop
on the Safety of Repetitive Transcranial Magnetic Stimulation, June 5-7, 1996.
Electroencephalogr Clin Neurophysiol, 108(1), 1–16.
Bibliography 203
Watkins, K. E., Smith, S. M., Davis, S., & Howell, P. (2008). Structural and func-
tional abnormalities of the motor system in developmental stuttering. Brain,
131(Pt 1), 50–9.
Weyh, T., & Siebner, H. R. (2007). Das TMS-Buch: Handbuch der transkraniellen
Magnetstimulation, chap. Hirnstimulation - Technische Grundlagen, (pp. 18–26).
Heidelberg: Springer.
Wildgruber, D., Ackermann, H., Klose, U., Kardatzki, B., & Grodd, W. (1996).
Functional lateralization of speech production at primary motor cortex: a fMRI
study. Neuroreport, 7(15-17), 2791–5.
Willems, A. M., Nieuwboer, A., Chavret, F., Desloovere, K., Dom, R., Rochester,
L., Kwakkel, G., van Wegen, E., & Jones, D. (2007). Turning in Parkinson’s
disease patients and controls: the effect of auditory cues. Mov Disord, 22(13),
1871–8.
Winkler, I., Haden, G. P., Ladinig, O., Sziller, I., & Honing, H. (2009). Newborn
infants detect the beat in music. Proc Natl Acad Sci U S A, 106(7), 2468–2471.
Wolfensteller, U., Schubotz, R. I., & von Cramon, D. Y. (2004). ”What” becoming
”where”: functional magnetic resonance imaging evidence for pragmatic rele-
vance driving premotor cortex. J Neurosci, 24(46), 1043110439.
Wolfensteller, U., Schubotz, R. I., & von Cramon, D. Y. (2007). Understanding
non-biological dynamics with your own premotor system. Neuroimage, 36 Suppl
2, T33–T43.
Wolpert, D. M., & Flanagan, J. R. (2001). Motor prediction. Curr Biol, 11(18),
R729–32.
Worsley, K. J., & Friston, K. J. (1995). Analysis of fMRI time-series revisited -
again. Neuroimage, 2(3), 173–81.
Wurtz, R. H. (2008). Neuronal mechanisms of visual stability. Vision Res, 48(20),
2070–89.
Xu, D., Liu, T., Ashe, J., & Bushara, K. O. (2006). Role of the olivo-cerebellar
system in timing. J Neurosci, 26(22), 5990–5995.
York, G. K., & Steinberg, D. A. (1994). Hughlings Jackson’s theory of cerebral
localization. J Hist Neurosci, 3(3), 153–168.
Zarco, W., Merchant, H., Prado, L., & Mendez, J. C. (2009). Subsecond timing in
primates: comparison of interval production between human subjects and rhesus
monkeys. J Neurophysiol, 102(6), 3191–3202.
Zatorre, R. J., Bouffard, M., & Belin, P. (2004). Sensitivity to auditory object
features in human temporal neocortex. J Neurosci, 24(14), 3637–3642.
204 Bibliography
Zatorre, R. J., Chen, J. L., & Penhune, V. B. (2007). When the brain plays mu-
sic: auditory-motor interactions in music perception and production. Nat Rev
Neurosci, 8(7), 547–58.
Zeki, S. M. (1978). Uniformity and diversity of structure and function in rhesus
monkey prestriate visual cortex. J Physiol, 277, 273–290.
Zentner, M., & Eerola, T. (2010). Rhythmic engagement with music in infancy.
Proc Natl Acad Sci U S A, 107(13), 5768–5773.
Zilles, K., & Amunts, K. (2009). Receptor mapping: architecture of the human
cerebral cortex. Curr Opin Neurol, 22(4), 331–339.
List of Figures
2.1. Forward model in motor control . . . . . . . . . . . . . . . . . . . 15
2.2. Internal forward model of auditory rhythm prediction . . . . . . . . 16
2.3. Internal forward model of auditory-motor synchronization . . . . . 16
3.1. Subdivision of the PMv and adjacent areas . . . . . . . . . . . . . . 22
3.2. Connection between auditory and frontal areas in humans, chim-
panzees and macaques. . . . . . . . . . . . . . . . . . . . . . . . . 26
3.3. Schematic diagram of the multisynaptic cerebro-cerebellar circuit . 28
3.4. Schematic diagram of the multisynaptic basal-ganglia-thalamo-
cortical circuit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.5. Habitual Pragmatic Event Map (HAPEM) . . . . . . . . . . . . . . 41
5.1. Round and figure-of-eight TMS coils and their induced electric field 57
6.1. Exp. 1: Structural elements of a musical rhythm and an exemplary
trial sequence of both judgment tasks and the control condition. . . . 66
6.2. Exp. 1: Grouping of trials for the BOLD-contrasts preferred vs. not
preferred tempo and preferred vs. not preferred instrument. . . . . . 71
6.3. Exp. 1: Effects of rhythmical preference. . . . . . . . . . . . . . . . 82
6.4. Exp. 1: Effects of tempo preference on premotor activity . . . . . . 84
6.5. Exp. 1: Significantly activated areas for aesthetic as opposed to
tempo judgments. . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
7.1. Exp. 2: Experimental trial and stimulus structure. . . . . . . . . . . 100
7.2. Exp. 2: TMS session procedure. . . . . . . . . . . . . . . . . . . . 103
7.3. Exp. 2: Influence of left PMv stimulation on tempo preference
strength. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
8.1. Exp. 3: Stimulus material and trial structure. . . . . . . . . . . . . . 126
8.2. Exp. 3: Stimulation sites and session procedure. . . . . . . . . . . . 129
8.3. Exp. 3: Behavioral effects of rTMS. . . . . . . . . . . . . . . . . . 141
8.4. Exp. 3: Synchronization (SC) versus self-paced control condition
(CC). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144
8.5. Exp. 3: Compensatory activity following left PMv rTMS. . . . . . . 145
10.1. Conjunction between functional imaging results in Exp. 1 and 3 . . 162
10.2. Proposed anatomical basis of auditory rhythm prediction . . . . . . 166
10.3. Proposed anatomical basis of auditory-motor synchronization . . . . 166
206 List of Figures
A.1. Exp. 1: Effects of rhythmical preference without musically trained
subjects. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176
A.2. Exp. 1: Effects of rhythmical preference on individual percent sig-
nal change in ventral premotor ROIs. . . . . . . . . . . . . . . . . . 177
A.3. Exp. 1: Activity in auditory areas during rhythms with preferred
and not preferred tempo (beat rate). . . . . . . . . . . . . . . . . . 178
A.4. Exp. 3: Activity increase in primary somatosensory areas for
auditory-motor synchronization following rTMS over the left PMv. . 178
List of Tables
6.1. Exp. 1: Individual linear mathematical models (individual case
models) of judgment strategy . . . . . . . . . . . . . . . . . . . . . 77
6.2. Exp. 1: Grouping of subjects according to tempo and instrument
preference. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
6.3. Exp. 1: Activation foci . . . . . . . . . . . . . . . . . . . . . . . . 81
7.1. Exp. 2: Stability of preference strength for beat rate and timbre
(control variable) within and across sessions. . . . . . . . . . . . . 111
8.1. Exp. 3: Activation foci . . . . . . . . . . . . . . . . . . . . . . . . 143
B.1. Exp. 2: Individual tempo preference after AG (baseline) and PMv
stimulation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179
B.2. Exp. 2: Individual linear mathematical models (individual case
models) of judgment strategy . . . . . . . . . . . . . . . . . . . . . 180

List of Abbreviations
µV Microvolt
ACC Anterior cingulate cortex
AG Angular gyrus
ANOVA Analysis of variance
BA Brodmann area
BG Basal ganglia
BOLD Blood oxygen level dependent
FEF Frontal eye field
fMRI Functional magentic resonance imaging
FWHM Full width at half maximum
HAPEM Habitual pragmatic event map
HG Heschl’s gyrus
HRF Hemodynamic response function
Hz Hertz
IFG Inferior frontal gyrus
M1 Primary motor cortex
MDEFT Modified driven equilibrium Fourier transform
PCO Precentral operculum
PD Parkinson’s disease
PMd Dorsal premotor cortex
PMv Ventral premotor cortex
P(r) Probability of recognition
RF Radio frequency
RMT Resting motor threshold
ROI Region of interest
RT Reaction time
rTMS Repetitive transcranial magnetic stimulation
rTMS-fMRI Combination of rTMS and fMRI (offline)
SI/II Primary and secondary somatosensory cortex
SE Standard error
SMA Supplementary motor area
SPT Serial prediction task
STG Superior temporal gyrus
T Tesla
TE Echo time
TMS Transcranial magnetic stimulation
TR Repetition time

Summary
Function of the ventral premotor cortex in auditory-motor
integration of musical rhythm
KATJA KORNYSHEVA
The tendency of human beings to move in synchrony with an auditory rhyth-
mical pulse is considered a human universal. Although progress has been made
with regard to uncovering the neural underpinnings of speech and music during
the last two decades in the advent of non-invasive neuroimaging techniques, it re-
mains unknown, which neural mechanisms give rise to the urge and ability to ac-
curately couple one’s own movements to an auditory rhythm. The present thesis
addresses the contribution of a motor-related brain region with prominent connec-
tions to auditory areas, the ventral premotor cortex (PMv), to auditory-motor in-
tegration of musical rhythm. The current work (i) probes the critical contribution
of a motor-related region to both perceptual preference of and motor coupling to a
musical rhythm, (ii) identifies additional neural mechanisms and networks that sup-
port auditory-motor timing and (iii) provides a neuroanatomically grounded model
for auditory-motor integration of rhythm by incorporating the present experimental
findings into a framework of sensorimotor cognition and control.
Using functional magnetic resonance imaging (fMRI), Experiment 1 aimed at
probing the involvement of motor-related brain regions when subjects’ attention is
directed to auditory rhythms they individually prefer compared to those that they
do not. Specifically, the experiment was designed to test whether aesthetic ap-
preciation of rhythms with individually preferred beat rate (tempo) around 2 Hz
is accompanied by activity increase in the PMv which has been previously shown
to be involved in rhythm perception tasks (H1). To test whether the hypothesized
activity can be explained by increased internal auditory-motor simulation of the au-
ditory beat rate, activity during preferred rhythms was compared to activity during
a perceptual rhythm task (H2). In line with the notion of sensorimotor-driven for-
ward models and previous evidence for the involvement of motor-related areas in
perceptual rhythm tasks, it was assumed that the tempo judgment task required en-
hanced sensorimotor simulation. The obtained results revealed beat rate to be the
most important temporal property of the musical rhythm with regard to the subjects
aesthetic judgment. Importantly, musical rhythms with preferred beat rate but not
with preferred timbre, a non-rhythmic property of the musical rhythms, engaged the
left PMv confirming hypothesis H1. Moreover, the PMv activity increased to the
same extent as during the perceptual rhythm task, lending support to the second hy-
pothesis (H2). The activity boost in the left PMv could not be explained by subjects
humming along with the rhythm or by vocal imagery, since no significant activity
increase was found in the supplementary motor area (SMA) or primary motor cor-
tex. Importantly, the increase in PMv activity covaried linearly with how strongly
the subjects preferred a certain beat rate.
Despite the results obtained in Experiment 1, it remained uncertain whether an in-
terference with activity in the left PMv would affect the strength of beat rate prefer-
ence. In Experiment 2, offline repetitive Transcranial Magnetic Stimulation (rTMS)
was used in a similar experimental paradigm to probe the causal contribution of
the left PMv to auditory beat rate preference. The individual beat rate preference
strength and stability within and across sessions was hypothesized to be temporar-
ily disrupted following rTMS interference with the left PMv (H3). Moreover, we
assumed that the perceptual rhythm task, requiring the identification of the beat rate
would also be affected (H4). As predicted (H3), rTMS over the left PMv temporar-
ily interfered with individual beat rate preference strength depending on the the
subjects’ strength of tempo preference in the control session, i.e. subjects with most
pronouced beat rate preference strength at baseline were more affected than subjects
who showed weaker or no preference at all. Moreover, PMv stimulation temporarily
disrupted the stability of individual beat rate preference strength within and across
sessions. These effects were specific to the preference for beat rate in contrast to
the preference for timbre and bound to the first half of the experiment following
PMv stimulation. However, the hypothesis H4 was not confirmed by the results,
since an interference with beat rate preference strength could not be explained by
an impairment of beat rate recognition.
While Experiments 1 and 2 revealed that a motor-related region - the left PMv
- modulates auditory preference for a beat rate, it remained unclear whether this
region is also critical for an accurate synchronization of movement to the auditory
beat. If this were the case, perceptual preference for a beat rate would exploit the
same auditory-motor integration resources as auditory-motor synchronization. Fur-
thermore, an additional aim was to identify neural set of mechanisms, in particular,
that of the contralateral right PMv that could potentially help to preserve auditory-
motor timing. Accordingly, Experiment 3 used the combination of offline rTMS
and fMRI to determine the causal contribution of PMv to auditory-motor synchro-
nization (H5) and identify task-dependent compensatory mechanisms that help to
preserve task performance following its disruption (H6-H7). As expected, activity
in the dorsal auditory stream - including Heschl’s gyrus, posterior superior temporal
gyrus and the PMv (BA6, extending into BA44) was enhanced for the synchroniza-
tion compared to the control condition in all scans. Moreover, left PMv impaired
auditory-motor synchronization, an effect that wore off with time according to H5.
Although activity increased in the unaffected contralateral right PMv after left PMv
stimulation confirming H6, it yet did not predict the behavioral effect of rTMS
across subjects. Thus, for the right PMv, H7 was not supported. However, the sub-
jects’ performance after left PMv stimulation covaried negatively with task-specific
activity in the anterior midline cerebellar region according to H7, an area previ-
ously associated with reduced response variability and discrete motor timing. In
conclusion, the left PMv is causally relevant for auditory-motor integration. While
activity increase in the ventral premotor region contralateral to the stimulation re-
gion did not help to preserve behavior, the anterior cerebellum could be linked to a
compensation of auditory motor synchronization after PMv disruption.
The obtained results suggest that auditory-motor integration of rhythm relies on
feed-forward computations in the PMv that predict both exafferent auditory and
reafferent (somatosensory and proprioceptive) input. A stronger involvement of the
PMv may induce the urge to alleviate the sensory mismatch between actual and
predicted reafferent input by tuning-in to the auditory beat by body movement or
vocalization.
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